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CHAPTER I

INTRODUCTION

Background

The diver's environment presents numerous adverse conditions which must
be understood or compensated for to sustain life. In the recent past these
conditions offered severe limitations to the diver's practical operating
depths and mission durations. As late as 1950, the maximum practical oper-
ating depth for divers did not exceed 60 metres. Reduced visibility, im-
paired mobility, and assorted groups of dangerous marine life all contribute
to rendering a diver's task far more difficult than a similar job on the
surface. Additionally, other factors act as more immediate and direct

threats to the diver's life.

For example, the very same gas that we breathe daily to support life on
the surface becomes poisonous to the diver at increased pressures. This
phenomenon, referred to as oxygen toxicity, has been shown to occur in
humans whenever the partial pressure of oxygen exceeds approximately 3
atmospheres (absolute pressure). Although individual tolerances have been
shown to vary widely, as a rule a diver is limited to a depth of 90 metres
when breathing air before oxygen toxicity sets in. Nausea, blurred vision,

convulsions, and death might ultimately occur from oxygen poisoning.

(2)
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A second phenomenon due to the other major constituent of the air we
breathe is termed nitrogen narcosis, or so called "rapture of the deep". As
a diver descends, the partial pressure of nitrogen in the air he breathes
increases. At depths beyond 30 metres (again individual tolerances vary
widely) the nitrogen produces an intoxicating effect similar to that of
alcohol. This narcosis is characterized by a slowing of mental activity and

a general feeling of euphoria, perhaps leading to a false sense of security.

These conditions, as well as the more popularly known occurrences of
decompression sickness ("bends" or caisson disease) and high pressure
nervous syndrome (HPNS), have all been found manageable in recent years
through the use of proper gas mixtures and dive procedures. Replacing
nitrogen with helium has been shown to eliminate the symptoms of nitrogen
narcosis. To allow divers to reach greater depths, the proportion of oxygen
in this helium/ oxygen mix can be reduced sufficiently to sustain life while
avoiding oxygen toxicity. While extensive research continues in all of
these gas related dive ailments, one hazard of the diver is perhaps less
understood and far more difficult to manage, 1i.e., body heat loss to his

surroundings.

The sea offers a severe thermal environment for the surface swimmer or
diver. The thermal properti-s of seawater, i.e., conductivity and specific
heat, were for many years unsuspected for the deaths of many accidental
overboard victims in what was considered mild water temperatures. Coupled
with the gradual decrease in sea temperatures as a diver descends, approach-
ing 0°C at 305 metres even in tropical waters, these properties of seawater

provide the potential for an extreme heat loss from the diver's body through




convective cooling. Keatinge [1] gives as an example the accident of the
Lakonia which caught fire near Madeira in December 1963 in relatively warm
water (17° to 18°C). Even though rescue ships arrived within 3 hours, 113
of the approximately 200 people who entered the water were dead. Even
though all victims were found floating in their lifejackets in fairly calm

sea, death was attributed to drowning for lack of a better explanation.

It is now known that cold is responsible for most deaths after major
shipwrecks and many of the immersion deaths of inland and coastal waters,
but until recently even experts regarded drowning as the only important
hazard to life in the water, Keatinge [1]. Several investigators have
recently attempted to predict body heat losses and their effects on the
endurance limits of man submerged in cold water. Hayward, Eckerson, and
Collis [2] gives an experimentally derived expression for this endurance

limit for lightly clothed subjects in water less than 23°C, as

t =15 + 7.2/(0.0785 - 0.0034T )
T, = water temperature, °C
ty = endurance limit, min (death assumed at 30°C rectal

temperature).

Although of minor concern in surface environments, heat lost through

the diver's cyclic breathing pattern is a second major potential source of

body heat drain. A number of investigations, primarily funded by the Office

of Naval Research, were conducted in the late 1960s to characterize the
significance of this avenue of body heat loss for the diver or habitat

dweller in high pressure environments. Webb and Annis [3] recorded heat

losses from the respiratory tract ranging from less than 10 percent of total

body heat loss at the surface to over 25 percent of total body heat loss at

;
!




5
70 metres of seawater. In investigations by Goodman et al [4] to simulated
depths of 305 metres of seawater, recordings of heat loss from the respiratory
tract of human subjects were seen to exceed total body metabolic outputs at

depths beyond approximately 180 metres when inspiring 1.5 °C gas tempera-

tures. Beyond this depth the divers were in a state of net body heat drain
even though their thermally protective garments were most effective in

3 eliminating body surface convective cooling due to cold water immersion.

Unlike the heat losses from surface convective cooling, the potential

:_! losses from the respiratory tract remove heat, via the pulmonary - vascular
o

- system, directly from the body's "core" containing the vital body organs.
L

tf; As such, excessive respiratory heat losses represent a much greater immedi-

ate life-threatening situation than does body surface cooling. In fact the
body has built up a complex thermal regulatory system to minimize central
body core cooling even at the expense of sacrificing less critical peripheral
tissue to cold injury, Guyton [5]. The potentially serious role of this

: avenue of heat drain in hyperbaric environments makes it mandatory for us to

understand the heat transfer mechanism in the human respiratory tract.

The two major concerns in the investigation of the effects of breathing
cold, dense gases fall in:io two categories. One, the previously mentioned

concern with excessive heat loss directly from the body core, and second,

L e - —cm———

the potential damage that may result to the pulmonary mucosa from the cold,
o dry breathing gas. In the previously mentioned studies of Goodman et al

[4), an inspiration temperature was observed at various simulated ocean

depths below which copious secretions from the pulmonary airway were observed.

.. Hoke, Jackson, Alexander, and Flynn [6] likewise observed such secretions
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and acute respiratory difficulty in similar tests to 244 metres of seawater
when 0°C gas temperatures were used and at 305 metres of seawater when 7°C
gas temperatures were used. They concluded that a rate of respiratory heat

loss exceeding 350 watts was detrimental to pulmonary function and overall

IS B WYL P e

thermal balance in spite of exercise.

Injury to the respiratory tract may not be limited only to the effects
of cold, dense gases. The lack of moisture content in the inspired gas may
likewise contribute to damaging effects on the pulmonary airways. Marfatia,
Donahoe, and Hendren [7] observed severe pathologic changes to rabbits' res-
piratory epithelium following 6 hours respiration of dry (18 percent RH) |

gases at 23°C at surface pressure. Characteristic changes included destruc~

tion of cilia and mucous glands in the upper respiratory passages, and up to
2 percent loss in total body weight. Similar experiments with humidified

(90 percent RH) gases at 22°C showed no pathologic changes or weight loss.

Burton [8] indicates that similar results have been observed in man during

mouth-breathing of dry gases during postoperative periods.

The inability of the respiratory tract to keep up with the fluid and
heat demands required to condition the inspiratory gases appears to be the
major contributor to these pathologic changes. This conditioning capability, ;
especially of the upper respiratory tract, has been identified for many
years as a major protective weapon in defense of the iu~gs. Whether called
a "passive heat exchanger' (Webb [9]) a "countercurrent heat exchanger"
(Jackson, Schmidt-Nielsen [10]), or a "heat and moisture exchanger apparatus"

(Cole [11]), the proximal 10 to 15 cm length of upper respiratory tract has

an efficient design to condition incoming gases to near body temperature and
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humidity saturation prior to entering the lungs at 1 ATA during nasal breathing.

Webb [9] demonstrated this phenomena by recording gas temperatures of 25° to
33°C only 9 cm back from the anterior nares while subjects breathed gases at
temperatures ranging from -20° to 31°C at the surface. This data is supported
by Armstrong [12] who reported no direct laryngeal injury during 2 to 6 hours
breathing air at -80°F at high altitudes, and by Spealman [13] during exposures
to temperatures ranging from -83°F to 133°F at surface conditions. This
conditioning ability of the respiratory tract willi of course be jeopardized

as pressure increases, as in a diving operation, due to the increased heat

and moisture demand of these dry, high density respiratory gases. Under

these severe conditions, the inspired gases will continue to drain heat and
moisture from the lower respiratory tract until saturated with water vapor
at body temperature. This condition may not be reached until the gases have

penetrated through several bifurcations of the lower respiratory tract [17].

The experiments of Moritz, Hendriques, and McLean [14] offer further

e T - L 7 T A3 £ TP Y - PO

support of the excellent conditioning capabilities of the upper airways in
extreme environments, and also demonstrate the importance of the moisture
content of the inspired gases. In these experiments, the effects of forced
inhalation of hot gases, steam-air mixtures, and flame inhalation on the
respiratory tract and lungs of dogs was investigated. The inhalation for
short durations of hot, relatively dry furnace gases (350°C) and flames (up
to 550°C recorded in larynx) were observed to rapidly cool to as low as 50°C
by the time the lower trachea was reached. Autopsies revealed mild-to-no
damage in the lungs. On the other hand, during inspiration of a steam-air

mix (approximately 100°C), temperatures up to 94°C were recorded at the

lower trachea. Moderate to severe pathologic changes were observed in the




airways at autopsy. These additional experiments may indicate that the

primary means for the upper respiratory tract to condition the inhalation of
hot, dry gases is to convert the high temperature energy into latent heat.
Although these extremely high temperatures would never be expected to be

seen by a diver, this data does serve as supporting evidence of the signifi-
cant protective capability of the upper respiratory tract. In a diving
situétion this protective mechanism must necessarily work somewhat differently.
During the inhalation of cold, dry gases the upper respiratory tract must
supply sufficient heat to warm the gas to body temperature, and the moisture
and latent heat to saturate the gas at body temperature. As previously

noted, this moisture and heat requirement can put a serious strain on the

body's fight to maintain thermal neutrality.

Fortunately, all of the heat and water vapor given up by the respira-
tory tract during cold gas inhalation is not lost. Bouhuys reports that a
man breathing dry air at 0°C and 1 ATA would use nearly all his basal meta-
bolic heat production merely to warm and humidify the air he inspired without
any protective mechanism [15]. Clearly, protective mechanisms within the
respiratory tract prevent this occurrence. Webb {9] demonstrated the heat
and water vapor conservation features of the upper respiratory tract in man
during expiration. In a series of tests 18 subjects inspired an air environ-
ment at the surface at ambient temperatures of 75°C, 55°C, 25°C, 5°C, and
-25°C. Nasal airway temperatures were continually monitored with shieided
thermocouples at 1 cm, 5 cm, and 9 cm back from the nasal opening. In all
tests, Webb found that expired temperatures were less than body temperature

unless the inspired air temperature exceeded 75°C (dry) or 55°C (vapor

pressure above 45 mm Hg). Webb explains that during expiration, the vapor




[ 2]

| e o m——

e 4

ey

9

saturated gas gives up heat and moisture through condensation to the airway
walls that were previously cooled during inspiration. (Webb noted that this
cooling and condensation of the expired gas probably causes the watery nasal
drip when breathing cold air.) In so doing the conserved heat and water

vapor can be available for the next inspiration. The overall result of this
process is the net loss from the respiratory tract per day of about 350 Kcal
of heat (about 17% of the basal metabolic rate) and 250-400 ml of water [72,

73] under resting conditions.

Although not as pronounced in humans, this conserving feature plays a
major role in the ability of small mammals to exist in arid climates with
little or no external water supply [16]. Expiration temperatures 10°C below
ambient temperatures have been recorded in the Kangaroo rat; evidence of the

superior conservation features in these desert rodents.

It is clear then, from previous research that the heat and water vapor
transport mechanisms in the respiratory system are extremely important in
the body's defense against climatic extremes. Additionally, many respira-
tory dysfunctions diagnosed clinically are now being attributed to a break-
down of these defense mechanisms. For example, these processes apparently
play an essential role in the dysfunction of the ventilatory system in some
diseases such as cystic fibrosis [79]. Also, recent studies at Peter Bent
Brigham Hospital have found evidence that heat loss from the mucosa due to
heating and humidifying inspired air is a major stimulus for exercise-induced
asthma [80, 81, 82]. 1In fact, recent reports have stated a probable connec-
tion between the mucosa temperature, water content, and heat fluxes in the
respiratory tract with many other diseases, which collectively, are the

leading causes of bed disability and work loss in the US [83, 84].
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A full understanding of these exchange mechanisms in the upper and

lower respiratory tracts are thus desirable. Past investigators (Goodman et
al [4], Webb [3], Hoke [6]) have given much information to characterize
these processes under experimentally defined conditions (i.e., metabolic
rate, respiratory minute volume, gas composition, etc). They have derived
empirical expressions of expired temperature as a function of inspired
temperature which can be used for predicting respiratory heat loss over a
range of conditions. Braithwaite [24] used the results of these past studies
to derive limits of minimal safe inspired gas temperatures for divers at
depths of 180 to 305 metres of seawater, Figure 1. Although recognized as
significant in their value as a good first estimate these guidelines were
derived using an overall "black box" approach as given in Appendix G without
an assessment of the local heat and mass exchange mechanisms that occur in
the respiratory tract. As such, Braithwaite recognized that the proposed
limits did not adequately address the effects of respiratory minute volume,
gas density, gas composition, metabolic heat production and water vapor

content on these exchange mechanisms.

Unfortunately, these heat and water vapor transport mechanisms have not
been characterized quantitatively in the human airways. This is primarily

due to the complex geometry and flow patterns in the airways which complicate

modeling efforts. This research is directed toward fulfilling these characteri-

zations.
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Approach

MY AT p——— S S Y

When considering the local heat and mass exchange from any segment
within the respiratory airway, as shown in Figure 2, individual expressions
can be written for these two transport processes. At the interface between
the gas stream and passageway wall (the mucous membrane) evaporation takes
A place and a saturation state exists at the interface temperature, Tw' The
?“Q mass transfer from this interface to the gas stream occurs because of a

difference in concentration of the water vapor according to the expression |

: [60]
where :
|
. ]
m = mass transfer rate, g/sec
1
i
A = heat transfer surface area, cm? :
.
hD = mass transfer coefficient, cm/sec :
|
P, = partial mass density of water vapor at interface, g/cm3 i
‘ p, = partial mass density of water vapor of incoming gas stream, |
| |
' g/cm? 1
)

Likewise, sensible heat transfer between the gas stream and interface
‘ can be expressed as the product of a heat transfer coefficient, h, and the

'l difference between the interface and gas stream temperatures.

qs/A = h(Tw - Ti)
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where
q = sensible heat transfer rate between the gas stream and mucosa,
Watts
h = heat transfer coefficient, Watts/cm? °C
T. = temperature of incoming gas stream, °C

Since the water vapor transferred to the gas stream must be supplied
with its latent heat of vaporization, hfg’ the total heat flux between any

segment of the mucous membrane and the respiratory gas is

9/A = h(T - T) +hy (p, -p;) hfg

where

hfg

latent heat of vaporization, joules/g.

The key to properly understanding heat and water vapor transport in the
human airways is to fully characterize the heat and mass transfer coefficients,
h and hD’ over the full range of conditions encountered in respiration at
the surface and deep sea conditions. These characterizations would be
practically insurmountable if the many pertinent flow and gas parameters
(i.e., flow rate, gas properties, etc) were allowed to vary independently.
This complexity is minimized through the use of dimensionless groups in
determining the behavior of these transfer coefficients. A thorough dis-
cussion of these dimensionless groups will be delayed until Chapter V.
However, briefly stated the primary objective of this research effort will
be to characterize in the human airways the dimensionless heat transfer

parameter, Nu, defined as
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where

Nu = dimensionless Nusselt number
D = characteristic dimension, cm
K = gas thermal conductivity, Watts/cm °C

and the dimensionless mass transfer parameter, Sh, defined as

h, D
=D
Sh = D
v
where
Sh = dimensionless Sherwood number
Dv = mass diffusivity coefficient of water vapor to

respiratory gases, cm?/sec

over the full range of conditions encountered during breathing in hyperbaric
gas environments. The assessments of their behaviors will be made over a
range of Reynolds numbers, Re, to adequately address respiratory heat loss

to 610 metres of seawater (2000 FSW)

where

nDu

p = gas density, g/cm®
H = gas viscosity, g/cm-sec
Vg = volumetric flow rate, cm3/sec.

R ——
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It was shown previously that Reynolds number values between O and approxi-

mately 62,000 (based on the diameter and flow velocity in the trachea) would

be adequate for this desired range of applications [25].

BT

In the research about to be described, the local heat transfer charac-
teristics from castings of the human upper airways (trachea and upward) and
a model of the lower airways are measured in both surface (1ATA) and hyper-
baric environments. Heat transfer relationships are derived for mouth and
nasal breathing during quasi-steady inspiratory and expiratory flows while
simulating constant mucosa temperatures. Mass transfer relationships have
been derived by analogy from these heat transfer measurements. A compara-
tive conditioning efficiency evaluation is also made between the oral and
nasal passageways from these relationships. The use of these transport
relationships, in conjunction with a mathematical model of flow in the human
airways, gives a detailed insight intn the effects of environmental conditions
and respiratory requirements on the temperatures and heat fluxes of the

airway mucosa.

In going about these characterizations the results of past investi-
gations at Duke University were utilized. Linderoth and Kuonen [17] and
Nuckols [25] determined experimentally the inspirational heat transfer
characteristics of physical models of the lower respiratory tract in unidirec-
tional, steady flow conditions. Heat transfer relationships, Nu = f(Re, Pr)
as seen in Figure 3, were derived based on these models, and they were found
to be applicable over a wide range of hyperbaric conditions and respiratory
rates. Johnson [26] verified these relationships during in vivo measurements
of the gas stream and lumen wall temperatures of anesthetized dogs at hyper-

baric conditions.
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It was necessary in this study, to verify or modify the above desired
relationships in an expiratory flow direction using the same model. Mass
transfer coefficients are then derived from the above relationships using
’ : the Chilton-Colburn j-factor analogy. It was additionally necessary to
derive heat and mass transfer coefficients for the upper respiratory tract.

These were determined experimentally from a cast of the upper respiratory

Tﬂj airways of a human cadaver. Heat and mass transfer coefficients are

- ! derived in both the oral and nasal breathing modes. These two relationships

4 ? are compared to quantify the relative effectiveness of these two respiratory
passageways.

n

Throughout the experimental recordings, two fundamental assumptions
. have necessarily been made in the modeling efforts.

a) heat transfer characterizations in the human respiratory
system using quasi-steady flow are representative of the actual unsteady
flow state of cyclic breathing and

b) heat transfer characterizations from physical models of the
human airways having constant wall temperatures are applicable to the condi-

tioning processes in the living system.

' The use of these assumptions has widespread precedence and justifying
evidence in past flow characterization studies [17, 25, 38, 53, 56]. These

)
i assumptions and rationales for their use are discussed in Appendix A.

Following the experimental phase of this study a mathematical model of
the human respiratory system is introduced. When used in conjuction with

the derived relationships for heat and mass transfer in the upper and lower

']"""-'llIlllllllllIlllIIlIIIlllIIIlllllllllllllllIlllllllllllllllllllllllillll.....ld'



respiratory tracts, regional airway temperatures and water vapor contents

and expiratory temperatures under varying ambient conditions can be deter-

mined.

An additional utilization of this model would also provide a new analyti-
cal tool for the investigation of the controversy surrounding the use of the
respiratory tract in active surface rewarming and/or as a region of supple-
mental heating. Harrison, Hysing, and Bo [28] reported that the effective-
ness of the respiratory tract is limited as a means of inducing body cooling
for surgical purposes at 1 ata. (Body cooling rates of 1.1°C/hr obtained by
cooling with cold He-0,-CO, inspiratory mixes was considered not rapid
enough for surgical needs). However, it was suggested that it may have
application for adding supplemental heat in high pressure environments.

Lloyd, Conliffe, Orgel, and Walker [29] have proposed an apparatus which
features inhalation rewarming that has been used as an ancillary first aid
treatment of hypothermia victims in hill climbing in Scotland. Hayward and
Steinman [30] have used a similar apparatus in comparative investigations of
inhalation and immersion rewarming. They claim that although no significant
difference in core temperature rise is seen in these experiments, rapid
esophageal temperature increases are seen with inhalation rewarming. They
argue that this temperature rise is closely related to the heart and great
vessel temperature which would indicate a reduced chance of ventricular
fibrillation when using this method. Although an investigation of the

merits of these arguments are beyond the scope of this study, the model will 1
allow a good estimation of the quantity of heat which can feasibly be trans-

ferred to the body during inhalation warming and/or supplemental heating

under various environmental conditions.
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In the next chapter, the anatomy and functions of the human respiratory
tract will be discussed briefly to explore the necessary considerations in
modeling this living system. Model fabrications and testing will be discussed

; in detail in Chapters III and IV, followed by an analysis of the test results
in Chapter V. Simple analytical models will be utilized in Chapter VI to
show several methods in which the results of this investigation can give
meaningful information concerning the heat and mass transfer in the human

“ airways at hyperbaric conditions. A liberal use of Appendices will be made

i to describe supporting sub-investigations to most effectively streamline the 1

main study.

—— - —




CHAPTER 11

THE RESPIRATORY SYSTEM: DESCRIPTION AND FUNCTIONS

The human respiratory tract serves many functions other than its primary
role as a passageway to conduct inspired and expired gases to and from the
gas-exchanging surfaces in the lungs. In addition, it is instrumental in
other important functions--gas filtration, producing voice sounds, chemically

monitoring inspired gases, and warming and humidifying respiratory gases [15].

As a filter, the air passages rid inspired gases of aerosol particles
prior to reaching the delicate alveoli. This is accomplished through the
design of the airway shape. Continual turns and branches in the airway
passage cause particulate matter to be propelled to the walls where they are
trapped by mucus coating the air passage epithelium. Paddling motion of
microscopic, hairlike structures, called cilia, push the dirt-laden mucus of
the upper passages down into the throat and upward from the lungs into the

throat thereby maintaining a clean air passageway.

Additionally, particulate matter in the nasal passages and the lungs are
cleared, respectively, through sneeze and cough reflexes. These reflexes are
additional protective mechanisms, triggered by tiny nerve endings in the
respiratory tract, to rid the air passageways of irritants in the air. Similar
nerve endings just inside the nasal cavity also serve as the first line of

defense against our breathing contaminated air. Very sensitive to odors,

(21)
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these nerve endings alert us early to noxious gases which may be damaging to

the lungs.

Perhaps of even greater importance to the defense of the alveoli is the
temperature and humidity conditioning of inspired gases by the respiratory
tract. This conditioning capability has been demonstrated by numerous
investigators in both extreme hot and extreme cold climates [74]. One early
documented investigation in 1775 was conducted by Dr. Charles Blagden of the
Royal Society of London. He and three colleagues exposed themselves to a
150°F dry environment for 20 minutes without apparent ill effects to their
respiratory systems. More recently, a student of the University of California
at Los Angeles volunteered to remain in a laboratory enclosure with the
internal air at 115°C. Even though the delicate alveoli would have been
severely damaged during only a few minutes at this temperature, this student
was capable of remaining a full 26 minutes before he voluntarily terminated

his exposure [74].

These and many other investigations previously discussed clearly demon-
strate evidence of temperature and humidity conditioning capabilities of the
respiratory tract. A look at the physical makeup of the air passageways

helps us to understand this conditioning capability.

Physical Description

During normal breathing through the nasal passages, the inspiratory gas

first passes through a bony entrance region of the upper respiratory tract,

Figure 4. This region composed of the turbinates, nasopharynx, septum, and
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choana, serves as an excellent gas conditioning space for warming and humidify-

ing the inspired gas. Up to 160 cm? of mucous membrane surface [15] in this

upper portion provides a good surface area for these conditioning processes
during inspiration, and the heat and moisture recovery during expiration.
Continuing its travels past the stoma, the inspiratory gas conditioning
continues. Under normal atmospheric conditions, the inspired gas will reach
within 2 to 3 percent of body temperature and come to within 2 to 3 percent

of full saturation with moisture prior to reaching the trachea [5].

When the gas is inspired through the mouth, the conditioning process
will be less efficient due to the reduced surface contact area in the oral
passage. However, under normal atmospheric conditions, it is doubtful that
significant conditioning occurs beyond the third or fourth generation of

branching in the lower respiratory tract [17].

The lower respiratory tract, composed of a system of multibranched
tubes as represented by Weibel's morphological model (Table 1), is capable
of continuing the gas warming and humidification during more extreme ambient
conditions. This ever-branching system ensures the completion of the inspir-
atory gas heating and humidification prior to reaching the alveoli. In so
doing, this natural air conditioning system protects the lungs from extremes

in environmental temperature and humidity.

The upper and lower t:act epithelium, composed of ciliated columnar
cells contain mucous secreting glands. The wavelike motion of the hairlike
cilia provide a continual fluid layer along the airway walls [15]. This

fluid, called mucus, is a viscoelastic semi-solid substance of gelatinous

consistency.




TABLE 1

WEIBEL'S MORPHOLOGICAL DIMENSIONS OF THE HUMAN LUNG*

o Number Per Diameter Length Total Cross Total Accumulative
- Generation Generation D(2) L(z) Section Volume Volume

: Z n(z) cm cm cm cms cm3
0 1 1.8 12.0 2.54 30.50 30.5
f 1 2 1.22 4.76 2.33 11.25 41.8
- 2 4 0.83 1.90 2.13 3.97  45.8
E‘i 3 8 0.56 0.76 2.00 1.52 47.2
4 4 16 0.45 1.27 2.48 3.46 50.7
- 5 32 0.35 1.07 3.11 3.30 540
| 6 64 0.28 0.90 3.96 3.53 57.5
. 8 256  0.186 0.64 6.95 4.45 65.8
? 9 512 0.154 0.54 9.56 5.17 71.0
10 1,026 0.130 0.46 13.4 6.21 77.2
: 11 2,048  0.109 0.39 19.6 7.56 84.8
12 4,096  0.095 0.33 28.8 9.82 94.6
13 8,192 0.082 0.27 44.5 12.45  106.0
14 16,384  0.074 0.23 69.4 16.40  123.4
15 32,768  0.066 0.20 113.0 21.70  145.1
16 65,536 0.060 0.165 180.0 29.70  174.8
17 131,072  0.054 0.141 300.0 41.80  216.6
18 262,144  0.050 0.117 534.0 61.10  277.7
19 524,288  0.047 0.099 944.0 93.20  370.0
20 1,048,576  0.045 0.083 1,600.0 139.50  510.4
21 2,097,152  0.043 0.070  3,220.0 224.30  734.7
22 4,194,306  0.041 0.059 5,880.0 350.00 1,084.7
23 8,388,608 0.041 0.050 11,800.0 591.00 1,675.0

“From Weibel [27]
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Mucoid sputum is reported to be 95% water and contains saliva with many
bacterial enzymes [38]. The nasal mucosae continually regenerates itself
with new mucus secreting and ciliated cells while shedding dead cells. This
process occurs following trauma or during normal cell turnover, with a

normal cell life in the human mucosae of 7.5-9 days [38].

Gas Flow in the Lower Tract

Gas flow in a branching system representative of the lower respiratory
tract has been characterized extensively by researchers at Imperial College
in England [53, 54, 55, 56] using pipe models and actual castings of the
lower airways. Complex secondary flows were shown to be generated down-
stream of each succeeding bifurcation as a result of the inertial forces of

the fluid stream. A complete summary of these flow studies is given by

Johnson [26].

All of the experimental flow studies conducted in the past have utilized
quasi-steady flow through models or castings of the airways. This procedent
will be followed in the experimentals phase of this research with justifica-

tions outlined in Appendix A.
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Gasflow in the Upper Tract

With the exception of periods of heavy exercise or chronic nasal obstruc-
tions, most humans are preferentially nasal breathers. This appears para-
doxical since nasal breathing requires about 50 percent more effort than
mouth breathing under normal conditions [38]}. Fortunately for us, this
instinctive behavior is followed due to the excellent advantage we apparently
receive from the point of view of respiratory gas conditioning and particle
filtration. For infants, Polgar [18] indicated that nasal breathing, except
during crying, is compulsory and can lead to death if nasal obstructions are
;‘é not detected early. This obligate nose breathing of infants may in fact be

facilitated by lower nasal flow resistance than oral flow resistance [19].

b

A look at the anatomy of the nasal passages, Figures 5 and 6, will
clearly demonstrate how its structure best fits the function of conditioning
and filtering our breathing gases. A relatively large cross-sectional area
in the main nasal passage is broken into narrow widths by the nasal septum,
dividing the nasal airway into two, and further by the folds of the turbi-

nates. This assures maximum contact between the respiratory gas and the

mucosal surfaces.

P

During mouth breathing, as must be employed when using many diving

R

apparatus, the resulting airway can be maintained nearly as efficiently in

4 filtration as the nose by positioning the tongue close to the palate [38].
However, during heavy exercise, inspiration will usually occur through a

-~ wide open oropharynx, with most of the conditioning and filtration of the

breathing gas lost.
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During mouth breathing, very little air passes through the nose due to the

relatively high nasal resistance [15].

Very little is known about the airflow through the oral cavity during
heavy exercise. However, thanks to the efforts of Proctor and Swift [38] the
nature of airflow in the nasal passages has been clearly demonstrated through

: ﬂ; the use of clear polyester casts. In some of their studies, waterflow (flow-
" rates chosen to maintain appropriate Reynolds number) was used to provide
"4 streamline markings with dye injections at various locations in the nasal
|
cavity. This method allowed a visualization of the direction of flow, and

' R also indicated regions of laminar and turbulent flow. Figure 7 summarizes

L these flow visualization studies during inspiration. Note that most of the

E flow in the main nasal cavity appears to pass between the middle meatus during
inspiration. A small portion of the incoming flow travels upward to the

. olfactory area to join a standing eddy current. This eddy current is possibly

optimum to sample the gas for toxic smells without damaging the olfactory
mucosa. By contrast to this inspiratory flow behavior, they saw roughly equal
flow along the main nasal passage during expiration with complete flushing of

the olfactory area.

Table 2 summarizes the airflow behavior during inspiration for their

' model studies at a half-passage flow rate of 12.5 liters/min. Note here that
{ even for flow rates approximating that of a resting subject, turbulence per-
Lt sists in the flow stream beyond the ostium internum. This mixing behavior

;* aids in the conditioning capability of the upper respiratory tract.
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TABLE 2
FLOW BEHAVIOR IN THE UPPER AIRWAY DURING INSPIRATION AT
A RESTING HALF FLOW RATE OF 12.5L/MIN*
Location Total Area (cm?) Flow Velocity (m/sec) Flow Type
Nostril 1.8 2.3 Laminar
Ostium Internum 0.64 6.5 Laminar
Main Nasal Cavity 5.5 2-3 Turbulence
Nasopharynx 3-5 4 Turbulence

“From Proctor and Swift [38]

They also found that during quiet breathing of normal subjects, the
resistance of the nasal passage represents approximately one-half of the
entire respiratory tract resistance. However, essentially no pressure
change was recorded beyond the first 1.5 cm of the main nasal chamber; i.e.,
just beyond the ostium internum. Thus, the entire transnasal pressure drop
is found in the first 1.5 cm of the airway, with the remainder of the passage
acting essentially as a plenum. In fact, the ostium internum region has
been found to act as a built-in flow-limiting device. When inspiratory
airflow reaches 1 to 1.25 litre/sec, this portion of the airway tends to
collapse and any additional inspiratory force produces no further airflow.

Beyond this flow requirement, mouth breathing becomes a necessity.

One further note must be made when considering the flow characteristics
in a single nasal passageway. There appears to be a wide range in nasal
airflow resistance between normal individuals and in any one individual from
time to time. Many factors have been identified which influence this vary-

ing nasal resistance. Among them:

ST et
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a. Cold air increases nasal resistance and decreases peak airflows

[20].

b. Exercise reduces nasal resistance {21, 22}.

c. Various noxious gases in the enviromnment increase nasal resistance.

In addition, normal individuals are known to have a systematic variation in

the nasal resistance first in one side of the nose and then the other [23].
This phenomena, known in the rhinological literature as the "nasal cycle" is
thought by some to serve as a built-in safety mechanism to assure that neither
side of the nose is continuously burdened with conditioning and filtering the
breathing gas. Whatever the function and mechanism may be for this cyclic
variation in nasal resistance, it certainly complicates any attempt to charac-
terize the gas flow and conditioning capability of the nasal passageway through
the use of a single cast model. However, by characterizing the heat and mass
transfer mechanisms in models based on mean nasal resistance values of numerous
in vivo measurements, nominal transfer characteristics can be identified.

Such as approach was followed in this research. It remains to be explored the
effects of variations in nasal resistance values on the heat and mass transfer

mechanisms in the human airways.

Y PPN - GI P TP N




CHAPTER II1I

LOWER RESPIRATORY TRACT

EXPERIMENTAL APPARATUS, INSTRUMENTATION, TESTING

As reported earlier, the heat transfer characteristics of the lower
respiratory tract were recorded in previous investigations during simulated
inspiration flow studies [17, 25]. Rigid pipe models were used in these
past studies to simulate a typical three branch "unit" in the branching tree
system of the lower respiratory tract. These tests confirmed that a single
relationship could be found which described the heat transfer characteristics
of the lower respiratory tract over a wide range of breathing gas mixtures
and ambient pressures. A significant finding from these past studies was
that further characterizations of this system could be made at the surface

(1 ATA) which properly described its performance at hyperbaric conditions.

The experimental effort during this investigation of the lower tract
was conducted to further characterize this branching system in the exhalation
flow mode. Based on the findings of the previous studies, all tests in this
investigation were conducted at 1 ATA to facilitate the test procedure and
data acquisition. Data from this and the previous studies are used to
complete the characterization of the heat transfer in the lower respiratory

tract during the entire breathing cycle.

(34)
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Model Description

The rigid pipe model utilized in one of these previous investigations
[25] served as the test apparatus in this continued study. This model of
the trachea and the first two branchings of the lower respiratory tract was
made using schedule 40 and 80 black iron pipe. Scaling for the model was
made according to the morphometric data collected by Weibel [31] for the
adult human lung as seen in Table 1 of the previous chapter. An overall
scale, based on Weibel, of approximately 2:1 was chosen to allow easy en-
trance into a man-rated chamber for hyperbaric studies during the previous
studies. An angle of 60 degrees was used for both branchings based on the
measurements made by Horsfield and Cummings [32]. A schematic of this model
is shown in Figure 8 with the branch and data locations identified. Sixteen
data taps were positioned as seen in Figure 8 so that horizontal and vertical
temperature profiles could be obtained near the entrances and exits of each

branch.

The pipe model was mounted inside a watertight plywood box in which the
model entrance and second branches penetrate. This box provided a constant
temperature water bath which surrounded the model to provide a uniform and
constant wall temperature. The water bath was maintained at a preset tempera-
ture with variations of less than 1°C by means of a submersible heater
featuring automatic feedback control (FTS Systems, Inc.). A laboratory
stirrer (Cole-Parmer Model 4554) was used to maintain continual water move-

ment around the heat coils, thereby minimizing temperature variations.
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During each series of investigations, the gas under study was drawn
through an entry pipe into branch 1, and exited through the four smallest
branches into a plenum (for expiratory studies the flow path was reversed).
This plenum ensured equal static pressures at the ends of the four small
branches, simulating the intrapleural pressure in the lung. A commercial
centrifugal blower (McMaster-Carr No. 1954N11) provided the gas movement

through the model by comnection of the model exhaust to the blower intake.

Instrumentation and Data Acquistion

Flow and temperature measurements required to characterize the heat
transfer characteristics of the lower respiratory tract were obtained and
stored by means of an automated data acquisition system. This system provided
a minimum time duration for temperature profile measurements within the
model, thereby minimizing possible variations in the desired ambient condi-

tions during these measurements.

a. Temperature Measurement. Thermocouple probes shown in Figure 9

were used to measure the temperature profiles (radial) at each data tap
location. Each thermocouple junction was made using 30 gauge copper and
constantan wire with nylon insulation. A rosin core solder was used to make
the junction surfaces as reflective as possible to minimize radiation effects
from the surrounding model walls. The exposed wire leading to each thermo-
couple junction was coated with an insulating varnish to reduce chances of
electrical short circuits with the probe casing. The thermocouple wire was
then threaded through a 3-inch length of stainless steel capillary tubing

(0.12 cm 1D/0.17 cm OD) until the junction extended approximately 2 cm out

e g
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of the tubing. The exposed wires were bent allowing the junction to extend
1 cm upstream from the capillary tubing axis. Electrical potting resin
provided a waterproof seal between the thermocouple wire and the inside of
the capillary tubing. This probe design was found to be highly dependable
for these temperature profile measurements, and showed readings quite compar-
able to those obtained with a hot film anemometer. Its reliability, dura-
bility, and low cost made its use desirable over anemometer or thermistor

probes.

Each probe was inserted into an O-ring sealed mounting assembly which
provided a dynamic seal, allowing the probe to move freely across the branch
diameter. The output voltages from each probe were relayed through an elec-
tronic ice point (Omega Model MCJ) prior to their connection to the data

acquisition system.
The ambient and water bath temperatures were each recorded using a
Yellow Springs YSI701 thermistor. Their outputs were each processed by a

Sire 700 signal conditioner prior to entering the data acquisition system.

b. Flow Measurement. A laminar flow element (Meriam Model 50 MC2-4)

was placed in series wih the pipe model to record gas volumetric flow rates.
The pressure differential generated by the LFE was monitored continually by
a Statham differential pressure transducer (Model PM96TC). This signal was
then processed by an HP 8805B carrier amplifier prior to being recorded by

the data acquisition system.

c. Data Acquisition System. The data acquisition system is represented

schematically in Figure 10. The heart of this system consists of a HP 9830A




40

WILSAS NOLLISINDIV VL1Va SSOT LVIH AHOLVHIdS3Y 0l 3HNOIY

s
WY1 3N
SHOLSIWYIHL STIdNOIOWYIHL
SONINdS NVINVISNO
4IDNASNYAL MOTI3A 143dd09
JNSSINd
WIINTHI4A1 0
431417dWY 4INOILI GNOD u_hﬁmﬂuww
431 98Y) TNIIS o
95088 dH 00, IS ke
_ ]
%2019
WLI9IQ HINNYOS e
dH veove dH
v60£6s VSvE dH
4OLVINIIVI uw%ﬁ_w_
43INI¥d TIYWWYH90¥d ity
V9986 dH V086 dH

V4986 dH

+#

T s




programmable calculator with an interface bus system (HP-1B) which allows

two-way communication between measurement and recording instruments and the
calculator. Data collection was initiated by the calculator's command to
the scanner (HP 3495A) to scan all data channels successively. While this
scanning operation took place, a digital voltmeter (HP 3455A) was internally
instructed to read the signal from each data channel and enter it into the
calculator's memory bank. This procedure could be repeated as often as
desired, and was programmed to trigger at a predetermined time interval as

measured by a HP 59309A digital clock.

Once the data had entered the calculator's memory, it was processed for
the determination of heat transfer characteristics. It was then printed
(HP 9866A Printer) and stored for later retrieval on a periphery memory

cassette (HP 9865A).

A photograph of the test setup and associated instrumentation is shown

in Figures 1la and 11b.

Instrument Calibrations

Prior to the initiation of these tests, the digital voltmeter (HP 3455A)
was calibrated in the Naval Coastal Systems Center calibration laboratory, a
Type II facility, traceable to the National Bureau of Standards. All other
instruments critical to the data acquisition during these tests were cali-

brated prior to each day's testing, and checked periodically throughout the

day.
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DATA ACQUISITION SYSTEM




44

a. Flow Measurement

The Meriam laminar flow element (LFE) depends for its accuracy and
metering indication on the principles of laminar flow. A slight differential
pressure is created by the insertion of a resistance element in the flowing
stream. Due to the forced laminar behavior of the flow through this resis-
tance element, the differential pressure follows a near linear relationship
with flow*. The LFE is factory calibrated using air flow versus differential
pressure at 70°F and 29.92-inch Mercury absolute. When the flow temperature
and pressure are at other than calibrated conditions, corrected flow is

obtained by application of the ideal gas relationship

. . P2 I
Vi =Vg - Py T

or
29.92  460+T¢

X
P, (530)

Corrected flow (LPM) = Measured flow (LPM) x

where:

o
it

£ actual inlet pressure, in of Hg

-3
1]

£ observed flow temperature , °F

The differential pressure transducer (DPM), used in this flow measure-
ment, was calibrated against an inclined manometer and an electronic digi-
gauge (Ashcroft 0-50 in H;0) prior to each day's run, see Figure 12. A
custom-made syringe having a hand crank screw mechanism was connected by

tubing in parallel to the DPM and either the inclined manometer or the

*Complete linearity is not achieved due to the dynamic losses seen on entry

to and exit from the resistance element.
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digi-gauge. By advancing the syringe plunger with the hand crank, a known
pressure, as read on the manometer or digi-gauge, was applied to one side of
the DPM. By allowing the other side of the DPM to remain open to ambient
pressure, this differential pressure could be used in the DPM calibration.
The gain and zero point were then set on the carrier amplifier to give a

convenient voltage output at this pressure level.

Prior to each day's run, this zero point and gain setting was checked

as described above to ensure their continued accuracy.

b. Temperature Measurement

The electronic ice point contains a self-compensating electronic
circuit built into a standard female quick-disconnect. This system, Figure 13,
incorporates a temperature sensitive element which is thermally integrated
with cold junctions T2 and T3 inside the ice point reference. In this
system, the emf generated by the ice point compensator is equivalent to that

produced at the measuring junction at 0°C.

As the ambient temperature surrounding the cold junction T2 and T3
varies, a change in thermal emf is generated. This thermal emf induced into
the circuit would create an error in the output unless otherwise compensated
for. To accomplish this, an equal and opposite voltage is injected into the
circuit automatically by a '"compensating voltage generator"” which in turn
cancels out this error emf. This "compensating voltage generator' is tempera-
ture sensitive and produces a compensating emf that tracks the error signal

over a wide ambient temperature range. The manufacturer specifies a compen-

sation accuracy, for a reference temperature setting of 0°C, of #4%°C over a

AP rs
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temperature range of 15°C to 30°C [33]. To verify this accuracy, each
thermocouple probe in series with the electronic ice point was immersed in a
well-stirred ice bath while recording their emf's. All emf generated by

these probes were within this specified accuracy.

Experimental Procedure and Results

Using the instrumentation scheme described earlier, temperature profiles
were recorded at the entrance to branch 3 and 4 and the exit of branch 1
during expiratory flow studies, see Figure 8*. Eleven temperature points
were recorded across the model diameter at each location, both vertically
and horizontally. Typical temperature profiles are shown in Figures 14
through 18. These profiles are consistent with those recorded in previous
investigations of inspiratory flow in pipe models of the lower respiratory
tract having constant wall temperatures [17, 25]}. As in the inspiratory
flow studies, the temperature profiles throughout the model were seen to be
the most asymmetric at the lower Reynolds number flows. This is due to the
reduced flow stream mixing and secondary flows that exist at the lower
Reynolds numbers. At the higher flow rates, near symmetrical temperature

profiles were observed.

Likewise, higher model exit temperatures were observed at the lower
Reynolds number values during these expiratory flow studies, as shown in

Figure 19. This is due partly to the increased dwell time these gas flows

*Several preliminary tests were conducted in the inspiratory flow mode
to first confirm the results of this test setup with those previously
reported in Reference [25].

T R s
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Re = 2917 (Run 19)

Re = 5733 (Run 18)

Re = 21210 (Run 9)

Re = 56873 (Run 12)
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FIGURE 19: EFFECT OF REYNOLDS NUMBER ON VERTICAL
TEMPERATURE PROFILES OF BRANCH 1
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see while traversing the model at the reduced flow rates. Additionally, the
more dense gases will tend to have a high thermal capacity (pCP), resulting
in lower exit temperatures at comparable flow velocities than the less dense
gases. From the above recordings a bulk gas temperature was calculated at

each position as the arithmetic average of the horizontal and vertical re-

cordings.

The volumetric flow rate recorded with the Meriam laminar flow element
was used to calculate average velocities in each branch of the model according

to the findings of previous flow studies in similar branching models [17,

25, 36]: {
V, = V/A, (1)
A
g =1lg 1
Vo 3V g (2)
2
V. A
o= 2 2
V3736 A (3)
3
v, = 1.26 v3 (4)
where

v, V., V.,V = average velocities in branches 1, 2, 3, and 4,
1 2 3 4 .
respectively (cm/sec).

A, A, A,, A, = cross-sectional area of branches 1, 2, 3, and 4,
17 P20 P30 By ; 2
respectively (cm¢).

V = volumetric flow rate in branih 1 (cc/sec).
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These expressions for local flows in the model branches were used due
to the consistent finding that flow in branch 4 exceeded branch 3 by 26%
during inspiration flow studies. Note that this finding is relatively
insignificant during expiration flow studies since the weighted average

inlet temperature in branches 3 and 4 is equal to the ambient temperature 1

during expiration studies.

Heat Transfer Coefficient Calculations '

Using the recorded bulk temperatures, average flow velocities, and the
model bath temperature (used as the approximate model wall temperature),
overall heat transfer coefficients were calculated over a wide range of
model flow rates in the expiratory flow mode. Constant gas properties were
assumed during each test run based on the average bulk temperature of the

gas within the model (average of inlet and exit temperatures).

As indicated in Figure 20, the heat balance for the branching model

during expiratory flow can be written as follows (based on flow symmetry out

of branch 1):

Heat Entering + Heat Added = Heat Exiting

or

m Cp Ti +Q=m Cp Ti+l

By defining an average heat transfer coefficient, h , for this branching

system based on the geometry of branch 1 as was done in the previous investi-
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gations [17, 25, 26], we obtain
mC T, + niDLh AT, =m C_ T,
P i w P it} .
where !
' b
: = °
; Ti+1 bulk temperature upstream (°C) :
Ti = weighted average entrance temperature (°C) H
r! V3 + VA
&
y 3 T3, T4 = bulk temperatures recorded at entrances to
"y branches 3 and 4, respectively (°C) :
S AT =T - T,
. d W w i
Tw = wall temperature (°C)
! m = mass flow rate (gm/sec)
Cp = gas specific heat (joules/gm -°C)
6 = heat added through walls (joules/sec)
h = average model heat. transfer coefficient based on
branch 1 (watts/cm2-°C)
D = branch 1 diameter (cm)
' L = model length (cm)
| =Lty tIg
i p = gas mass density (gm/cm3).
| However, since
; m = p'1 np%/4
;‘ and by defining

; AT =T, - T,
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the average model heat transfer coefficient can be written

h = pC, (ar/at) - (\71 D/4L). (5)

Additionally, nondimensionalized heat transfer coefficients and

flow based on branch 1 can be defined as

D
Nu = K = overall model Nusselt number (6)
and
le D
Re = o = branch 1 Reynolds number )

where
K = gas thermal conductivity (watts/cm-°C)

M = gas absolute viscosity (gm/cm-sec).

For flow in the opposite direction; i.e., simulating inspiration, it is
only necessary to switch definitions of Ti and Ti+1 to get comparable Nusselt

values for flow in this mode.

A total of 21 test runs were made with flow in the expiratory flow
mode. Data from the 18 additional test runs from the past inspiratory flow

studies [25] were likewise reduced as described above.

The above expressions were incorporated into the computer program “Data
Acquisition - Lower Tract" given in Appendix I to obtain the results tabulated
in Tables 3 and 4. (A complete listing of data recorded during these tests
is included in Appendix J.) These calculated results of Nusselt number are

plotted against the product of Reynolds number and Prandtl number in Figures 21

F R )
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and 22 for flow in each direction. Figure 23 superimposes these previous
two charts to show that a single functional relationship appears

to hold for flow in both directions over the range of flow investigated.
. A curve-fitting subroutine was utilized to obtain least square fits of
the data given in Figures 21-23. This routine as described in Reference [37]

ig_ gave the following relationships for heat transfer in the branching system:

Inspiration:

g Nu = 0.0777 (RePr)?-726 (8)
:~£ Expiration:
=z ¥u = 0.0589 (RePr)? 722 9)
4 Combined:
Cy

Fu = 0.0733 (RePr)?73! (10)

The above combined relationship was derived from a data range of

195 < Re < 62,000 with Prantl numbers of approximately 0.7.
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CHAPTER IV

UPPER RESPIRATORY TRACT

EXPERIMENTAL APPARATUS, INSTRUMENTATION, TESTING

Model Description

In order to accurately assess the heat and mass transfer in the upper
respiratory tract, a geometrically accurate physical model was required.
Unlike the lower respiratory tract, the complexity of the flow channels in
the upper tract do not lend themselves to morphometry. It was thus necessary
to obtain a true likeness of these airways through a casting process from a
human cadaver. Such a model was obtained from researchers at Johns Hopkins
University, who had used similar models in the past to study flow patterns

in the upper airways [38].

The model was fabricated through a two-step process from the cadaver of
a male adult who had no signs of respiratory abnormalities [39]. First,
half negatives were made of the upper airways (both oral and nasal cavities)
on each side of the midsagittal plane using a pourable silicone rubber
compound capable of reproducing intricate detail (Dow Corning Silastic
E RTV). 1Its excellent duplicating qualities and high tear resistance/high
strength properties made it a good choice for this application. Following
curing, these half negatives were then embedded in molds filled, by layering,

with a clear casting plastic (Ward's Bio-Plastic), leaving the midsagittal

(68)
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planes uncovered. Following cure of the casting resin, the silicone rubber

negatives were removed leaving the intricate detail of the upper airways

intact as shown in Figure 24. Following grinding and polishing of the

casting exterior surfaces, the two clear plastic halves were assembled with
4 i machine screws as seen in Figure 25. Prior to final assembly, a thin brass
i A plate (0.010 cm thick) was inserted between the two plastic halves in the
[ region of the turbinates to serve as the nasal septum. (The thin brass

T plate was chosen to facilitate heat transfer into the septum in the attempt

: ' to maintain constant surface temperature.)
4
3 1
i
' Nasal and oral openings were then machined into the assembled model as
‘4 specified below:
3
3

Nasal openings:* 0.64 cm

Mouth opening: 2.54 cm x 0.64 cm (OVAL)

Measured airway dimensions of the model (see Figure 26) to be used in

data reduction were

' Trachea diameter: 1.27 cm
Nasal passageway length: 24.1 cm

Oral passageway length: 19.7 cm

' “These dimensions were later modified, as discussed later, to match i

in vivo pressure drop recordings in the nasal airways and those recorded in

a similar model at Johns Hopkins University.
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Following model assembly, all joints were sealed with a clear silicone
sealing compound. After the model was instrumented for temperature and flow
measurements (to be described later), the entire assembly was submerged in a
well-stirred, hot water bath (approximately 375-litre capacity). A short
section of PVC pipe (3.2 cm od) surrounding the oral or nasal openings
allowed the model to be fully submerged in the bath while preventing water

to enter the model airways.

Instrumentation

A similar automated data acquisition system, as usad in the previous
investigation of the lower respiratory tract, was used in this investigation.
However, the size limitations inherent with this model required a different
temperature and flow measurement system from that used previously. Addition-
ally, special considerations were made in this test setup to allow testing
at simulated depths to confirm the independent behavior of these heat transfer

characterizations with depth (as was previously done for the lower tract

model).

a. Temperature Measurements

As with the model of the lower respiratory tract, attempts were
made to maintain a constant wall temperature during this thermal evaluation.
The fundamental assumption made during this and the previous test series was
that heat transfer relationships derived from a constant wall temperature

model would reasonably represent the in vivo situation. This assumption

appears to be justified by human and dog airway temperature measurements by
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Cole [86] and Johnson [26]. Oscillatory changes in the mucosal surface
temperatures were not observed in these studies even though oscillatory

changes in air temperature were.

Unlike the pipe model, however, the thermal properties of the clear
plastic model (approximate properties shown in Table 5) are not as capable
of maintaining constant temperature, particularly when dense cold gases are
passed through the model. To monitor the status of the model wall tempera-
ture during testing, five copper/constantan thermocouples (30 gauge) were
positioned as shown in Figure 26. The junction of each thermocouple was
inserted into a small hole (0.12 cm diameter) drilled through the model wall
and positioned adjacent to the airway. A quick curing epoxy was used to
secure the thermocouples in place. As previously described in the lower
tract investigation, all thermocouple junctions were referenced to 0°C using
electronic ice point reference junctions. Prior to subjecting this tempera-
ture monitoring system to hyperbaric environments, it was necessary to
insure that the electronic ice points were not adversely effected by elevated
pressures. This investigation, reported in Appendix B, showed no adverse

effects at hyperbaric environments up to 350 metres of seawater.

TABLE 5: APPROXIMATE THERMAL PROPERTIES OF POLYESTER CASTING MATERIAL [40]

Thermal Conductivity 1.67 x 10-3 —EEEE%—
cm - °C

Specific Heat 1.046 joule/gm °C

Density 1.10 ~ 1.46 gm/cm3
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One Fastip thermistor probe (Thermometrics, Inc.) was positioned in the

trachea midstream, and two similar probes in the center of the oral or nasal
openings (depending on the mode of breathing being investigated) to record

incoming and outgoing gas temperatures. These thermistor probes were chosen

since their small physical size (1/8~inch nominal probe diameter) would tend

to least affect the gas flow within the model airways while remaining rugged

3. enough to withstand relatively high flow velocities.

A linearizing network is built within these thermistor probes to function

2,1 ;
k, | within the temperature range of 0-50°C with an accuracy of 0.25°C. A calibra-

A

o tion check on these thermistors was made prior to this investigation to

,fj ensure this accuracy. Each thermistor was fully submerged in a temperature

controlled water bath (Neslab Instruments) along with a quartz thermometer
sensing probe (HP2804A) which had been previously calibrated for the triple
point of water. The bath was successively raised from 0°C to 50°C in 1°C
steps while recording the Fastip probes and quartz thermometer at each step.
Figure 27 shows the temperature differentials recorded for the thermistors
as compared with the quartz thermometer. Instead of the desired linear
response, the thermistors each exhibited a similar sinusoidal pattern with
maximum deviations from the quartz reading of 0.4°C over this temperature

range. To obtain the maximum accuracy during this investigation, a tempera-

| ture correction equation was thus utilized when reading these thermistor

probes [41]. This equation was

+ 0.3 sin [9.73 (t -5)]

t = .
corrected tread1ng

reading
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P . where: t is in °C and the argument of sin is in degrees.

The surrounding hot water bath temperature was maintained by a 1.5 kw
submersible heater, and monitored with a Yellow Springs YSI 701 thermistor.

The instrumented model prior to submergence is shown in Figure 28.

b b. Flow Measurement |

A laminar flow element, LFE (Meriam Model 50MW20-1-1/2) was placed
in series with the model either downstream or upstream of the trachea, ]

depending on whether exhalation or inhalation flow studies were im process.

¢ d A Validyne differential pressure transducer (Model DP15, Ser 1083, 0.5 psid
. | range) was used to monitor the pressure drop across the LFE. The laminar
¢ ‘ flow element is factory calibrated for recording the flow of air at 21°C.
Since in this investigation the LFE was utilized to record the flow of A;

various gases other than air at temperatures and pressures other than 21°C
and 1 atmosphere, it was necessary to perform viscosity corrections through-
out this investigation when reading the laminar flow element. This viscosity
correction procedure is outlined in Appendix C. The procedure as described
previously in the lower tract investigation was used to calibrate the dif-

ferential pressure transducer.

L e e e———

c. Airway Pressure Drop

The respiratory flow resistance in man during nasal breathing has
been recorded in vivo [42, 43]. Attempts were made in this investigation to

T match the resistance characteristics of this model with those recorded

in vivo, as pruvided by researchers at Johns Hopkins University [44]. This
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match was felt necessary due to the strong similarity relationships that are

inherent between heat, mass, and momentum transfer. A Validyne differential

pressure transducer (Model DP15, Serial 1083, 0.5 psid range) was used to

editiva

establish and monitor the pressure drop across the model nasal airway, i.e.,
between the trachea and the anterior nares. A modeling clay was utilized to
restrict the nasal passageways near the ostium internum (the nasal location
found to be flow limiting) until the resistance characteristics were met.
Figure 29 shows a comparison of the flow resistance characteristics of the
model used in this investigation with those obtained from Johns Hopkins.
Agreement within 8 to 15 percent was observed for flows up to 60 litres/minute.
This level of agreement was felt adequate due to the high variability reported

in in vivo recordings. |

A view of the fully instrumented model ready for inhalation flow measure-
ments through the oral pathway is shown in Figure 30. This assembly was
positioned in a 1.2 metre diameter by 3 metre long horizontal hyperbaric
chamber rated to 6890 kPa (1000 psig). Gas supply for flow through the
model was provided by 689 kPa (100 psi) air lines for testing at the surface,
on air, and by 5.7 cubic metre storage cylinders (nominally 17,000 kPa

rated) during testing at simulated depths to 305 metres of seawater.

Experimental Procedure and Results

The upper tract test assembly described previously was sealed inside

the hyperbaric chamber to be pressurized to the desired simulated depth. 1

Ii,
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The chamber bath temperature had been previously raised by the submersible
heating elements to 50 to 55°C, thus providing a 30-degree minimum differen-
tial between the incoming gas and model wall temperatures (large temperature
differentials were desired to minimize any instrume ..ation errors). A Heise
pressure comparator (Dresser Industries Model 710 A) was used to control a
solenoid actuated valve (Futurecraft, Inc.) to maintain this simulated depth
during testing. Following chamber pressurization all temperatures on the
model were monitored until stability was observed. At this point gas flow
was initiated through the test model by opening a %-turn valve while observ-
ing the laminar flow element monitor. More or less flow could be introduced
through a combination of adjustments with the valve and a two-stage regulator.
Once flow had been established model wall temperatures, gas stream temperatures
in and out of the model, gas flow rate, and bath temperature were recorded
using the automated data acquisition system. This data acquisition was
initiated in as soon a time following gas flow as practical to ensure steady

flow while minimizing wall cooling.

The above procedure was repeated over a range of flow rates, at simulated
depths of 0, 61, and 305 metres of seawater, using three different gas
mixtures. The test depths, gas mixtures, and flow rates were arbitrarily
selected to provide sufficient data to map the heat transfer characteristics
of *he model over the desired Reynolds number range of 0-70,000. Additionally,
four test modes were evaluated including exhalation flow through the nasal
airway, exhalation flow through the oral airway, inhalation flow through the
nasal airway, and inhalation flow through the oral airway. A complete
listing of data recorded during these tests is included in the NCSC Hydro-

space Lab Note 1-81 [45] and Appendix J.
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! Heat Transfer Coefficient Calculations

As in the investigation of the lower respiratory tract a characteristic
dimension must be selected for the reduction of the test data. As before, 4
the trachea diameter was used as a basis for the calculations of model 'f
Reynolds number and Nusselt number. This dimension provides a common basis
for comparing heat transfer characteristics of the oral and nasal passage-

ways. Constant gas properties were again assumed during each test run based

n it St 2l

on the average bulk temperature of the gas within the model. Gas mixtures

and their properties are shown in Table 6.

From the model gas flow measurement a mean flow velocity was calculated

in the trachea as

2 cu cm
1000 litre :

<
1]
Bl

where:
. cm
V = mean trachea flow velocity (EEE)

litres)
sec

<
n

Model flow rate (

A = cross-sectional area in trachea (cm?)

=T n2
4 Dy

DT = trachea diameter (cm)

The model Reynolds number, Re, was then obtained as




TABLE 6

Tt PROPERTIES OF GASES USED IN THERMAL EVALUATION OF 1
UPPER RESPIRATORY TRACT

F |
¥
Gas/ Specific Thermal 3
Depth Density Heat Viscosity Conductivity
(m) gm/cm3 joules/gm-°C  gm/cm-sec watts/cm-°C Pr
Air/0 1.178 x 1073 1.0059 1.83 x 1072 2.637 x 1074 0.7
He/0 1.63 x 1074 5.1988 1.997 x 107% 1.503 x 1073 0.69
He/61 1.143 x 1073 5.1988 1.997 x 1074 1.507 x 1072 0.69
He/305 5.01 x 1073 5.2030 1.997 x 10°% 1.532 x 1073 0.69
Np/61 8.037 x 1073 1.0427 1.803 x 107% 2637 x 1074 071 i
Np/305  3.571 x 1072 1.0640 1.82 x 1074 2.763 x 1074 0.71

tFrom US Navy Diving Gas Manual [46]

CONVERSIONS :

1bs w _ gm E;
s 0.01602 = gag

e i £ sy e o s

1b *14.9 = — 8

ft - sec cm - sec

BTU - _ Kcal
sec - ft - °F 0.01488 = cm - sec - °C

4

BTU = 2.388 x 10"~ KCAL

1 joule = 9.478 x 10~




p = gas density (353)
cm
M = gas viscosity (———SE“——)

cm - secC

Next, an average model wall temperature was calculated as the average

of the five wall temperatures; three temperatures for oral flow (see Figure 26).

T1+T + T, +T, + T

s _ 2 3 4 5

Tw = g (NASAL)
T, +T, + T

= _ 3 4 5

Tw i E— (ORAL)

A weighted average temperature based on the surface area that was repre-
sented by each thermocouple was not attempted due to the difficulty in arriving
at the areas of the turbinate folds. However, with the exception of test runs
at 305 metres of seawater, the variation between individual thermocouples was
small (within 1 °C) which minimized the error from a straight arithmetic
averaging. The abnormality seen at 305 metres of seawater will be discussed

later.
A mean heat transfer coefficient, h, was then calculated as described

previously in the discussion of the lower respiratory tract as
h = pCp (KK) . (ZL_)

where:

(]
1]

gas specific heat (5%9%1§E )

—
I}

gas passageway length (cm) (see Figure 26)
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- - o
AT =T, - T,  (°C)
Ti = entering gas temperature (°C)
Ti+1 = exiting gas temperature (°C)
-7 . o
ATw = Tw Ti (°c)

An overall model Nusselt number was then calculated based on the trachea

diameter as

(=]

D
Nu = —R_I = overall model Nusselt number

where:

K = gas thermal conductivity (_%%£§§E)

The above data collections and calculations were made using the computer
program '"Data Acquisition-Upper Tract" described in Appendix 1 in a total of
137 tests as summarized in Tables 7 through 10. This allowed the mapping of
the upper respiratory tract heat transfer characteristics during inhalation
and exhalation, while breathing solely through the mouth and solely through
the nose. This data is plotted in Figures 31 through 34 as the dimensionless
Nusselt number versus the product of Reynolds and Prandtl numbers. A review
of Figures 31 through 34 reveals a consistent trend of increasing Nusselt
number as the product of Reynolds and Prandtl number increase. These rela-
tionships appear to hold true for all gases and all simulated depths tested
except for helium when tested at 305 metres of seawater. With helium at 305
metres of seawater, especially at the higher values of Re*Pr, the overall
Nusselt numbers appear to fall below the trend established by the other

gases.
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FIGURE 31: HEAT TRANSFER CHARACTERISTICS OF NASAL TRACT
CURING INHALATION (PRELIMINARY)
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FIGURE 32: HEAT TRANSFER CHARACTERISTICS OF NASAL TRACT
DURING EXHALATION (PRELIMINARY)
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FIGURE 33: HEAT TRANSFER CHARACTERISTICS OF ORAL TRACT
DURING INHALATION (PRELIMINARY)
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FIGURE 34: HEAT TRANSFER CHARACTERISTICS OF ORAL TRACT
DURING EXHALATION (PRELIMINARY)
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This apparent discrepancy is felt to be attributable to the initial
assumption of a constant wall temperature model. Variations from this
assumption, if not detected adequately by the thermocouples embedded in the

walls adjacent to the gas stream, would cause erroneously high values for

AT and thus low calculated values of the heat transfer coefficient, h, and Nu. O
To test out this hypothesis finite difference solutions for the model wall

temperature distributions were determined under various conditions of simulated

depths and test gases in Appendix D. For this idealized representation of

the model wall with air at sea level as the test medium (Biot number, h L/K,

approximately equal to 2.0), it is observed in Figure D-3 that the model

wall adjacent to the gas stream has cooled to

T - T,
2 2 0.93
T, - T,

after 3 seconds gas stream flow (This is the approximate time at which data

was recorded).

where: TS is the gas stream temperature, °C, and T, is the water bath
temperature, °C. At approximately 1/8 cm (.049 inch) from the model surface
this dimensionless temperature would be approximately 0.99 following the 3
second interval. A small thermocouple with a bead diameter of 1/8 cm (having
a calculated response time of 0.1 seconds in o0il) which is embedded in the
model wall would actually record an average temperature based on the above
two values of 0.96, or give approximately a 3% error in the model surface
temperature. For the same model with a Biot number of 40.0 (typical of
helium at 305 MSW) the model surface would have a dimensionless temperature

of approximately 0.27 following an interval of 3 seconds and 0.91 at 1/8 cm

from the surface after the same 3 seconds. Under these conditions the




. —
T T T

o8 |
thermocouple would now record an average dimensionless temperature of 0.59
for a error of approximately 119% in this parameter. The result of this
error would be to record higher wall temperatures, Tw, than actually present.
As previously stated, these high values of Tw give high calculated values of
: E ATW, and subsequently low values of Nu for helium at 305 MSW. This error
diminishes rapidly as the Biot number decreases. This would indicate that

fg_ the data recorded with models having low Biot numbers (low values of h or

T high values of K for the model walls) would provide the most accurate infor-

mation for establishing heat transfer relationships for the model of the

; 1 upper respiratory tract. It should be noted that the data recorded from the
4
. lower respiratory tract should offer maximum accuracy since its Biot number
‘{! was less than 0.05.
" 4
Based on the above analysis, the data recorded for helium at 305 MSW
was not utilized in establishing the heat transfer characteristics of the
upper tract model. The remainder data is shown in Figures 35-38 for estab-
lishing the heat transfer mechanisms for each breathing mode. A curve-
fitting routine as outlined in Reference 37 was utilized to obtain least
square fits of the above data. Results of this curve-fitting are outlined
below:
! Nasal Breathing, 5~ _ 0.854
é Tnhalation : Nu = 0.028 (RePr) (11)
“ Nasal Breathing, & _ 1.080 < ]
i Exhalation : Nu = 0.0045 (RePr) for Re < 7800 (12a)
Nu = 0.310 (RePr)®">8 for Re > 7800 (12b)
-
T Oral Breathing &~ . 0.035 (Repr)o.soa (13)

Inhalation
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Oral Breathing K — _ 1.269
Exhalation Nu = 0.0006 (RePr) for Re < 12,000 (14a)

0.704

Nu = 0.094 (RePr) for Re > 12,000 (14b)

The above relationships are based on the physical dimensions and gas
flow properties in the trachea and are applicable for Reynolds number values
up to 70,000. A composite of the above relationships is shown in Figure 39
for comparison. As a rule the heat transfer characteristics of the nasal
tract exceed those of the oral tract during both inhalation and exhalation
at comparable values of Re. During exhalation, the slopes of the curves
appear to decrease at the higher values of Re*Pr for both oral and nasal

breathing. No explanation is offered for this apparent trend.

Comparative Conditioning Capabilities of Oral and Nasal Passageways

It is universally accepted that the nasal airways are more suitable for
heating and humidifying inspired gases than the oral airway. Without repeating
a detailed discussion of the anatomies of these two passageways, it is
sufficient to explain this superior conditioning capability as being due to
the relatively large surface area-to-cross sectional area ratio that exists
in the nasal passageway. A relatively large cross-sectional area in the
main nasal passage is broken into narrow widths by the nasal septum, dividing
the nasal airway into two, and further by the folds of the turbinates. With
the derived heat transfer relationships found in this investigation, we are i’

now able to quantify these relative conditioning efficiencies.
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In the following analysis a relative conditioning efficiency factor for
the nasal and oral passageways will be defined and evaluated. While this
analysis is based strictly on the results of the previous heat transfer
characterizations and does not consider the effects of insensible heat
transfer, as we will see in the next chapter the insensible heat transport
process parallels closely this sensible heat transport. Thus, the relative
conditioning efficiencies presented here should be indicative of the overall

energy exchange process in the upper airways.

Recall that these relationships were derived by defining a character-
istic diameter (trachea) and passageway length, with an overall heat transfer
coefficient calculated as follows (Equation 5):

- AT VD

where:
p, Cp are gas properties
L, D are characteristic length and diameter of passageway
V = mean flow velocity at diameter D

AT = Differential gas temperature across passageway

AT = Temperature differential between passageway wall and
entering gas temperature

By rearranging the above expression we get

K = gas thermal conductivity

where: K
D

e e
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Therefore

aﬁEKLATw
AT = ——————

C V D2
Pp

A conditioning efficiency term can be defined for each passageway as

AT 4 Nu KL
n=8l . u__ (15,
pCp vV p?

This efficiency term, ranging in value from 0 to 1, indicates how closely
the heat exchange process used in heating the inhaled gas approaches the
maximum temperature differential possible, ATw' The above expression can be
used to compare the conditioning efficiencies of the oral and nasal passage-
ways. During inhalation, the following heat transfer relationships were

found for the upper passageways as

— 0.854

0.028 (RePr) [Nasall] (11)

4
[+
I

Nu = 0.035 (Repr)?-80% (Oral] (13)

-4
=
It

Their relative conditioning capabilities can be evaluated by looking at

the ratio n at similar flow conditions.

oral/nnasal

4 Nuoral K Loral

C VD2
P*p

r]oral

nnasal 4 Nu KL
nasal nasal

c_ VD2
P p
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Since equal gas properties, flow velocities, and incoming gas temperatures
for both passageways are present for similar flows we can reduce the above

to

Toral _ Moral Loral  _ 0.035 (Re Pr)?-8%% 19,7

Gz 1)
0.028 (Re pr)0-85% 24.1

nasal Nunasal Lnasal

or reducing further

n N
oral _ ) 022 (Re Pr) 00

r]nasal

5

and for Pr < 0.7 (for respirable gases considered)

noral

N = 1.04 (Re)-()'05 (16)

nasal

A tabulation of these results is shown below:

Re norallnnasql
500 0.762
1000 0.736
2000 0.711
5000 0.679
10,000 0.656
50,000 0.605

100,000 0.585
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During exhalation, a similar ratio can be derived as i
n 0.704 ]
oral - 0.094 (Re Pr)0 - (52.1) for Re > 12,000 i
nnasal 0.310 (Re Pr) :
= 0.248 (Re Pr)?-11?
or
; Qoral 0.119 '
L ————— = (0.238 Re ’ for the respirable gasec. (17a) 3
;ﬂf Mhasal i
- i For Re < 7800
’; . .‘ . E
- oral _ 0.0006 (Re Pr)l-26° 9.7,
Mhasal 0.0045 (Re Pr)l'080 24.1
- = 0.1090 (Re pr)0-189
* or for Pr 2 0.7
LY
r]oral 0.189
T3 - .1019 Re"" (17b)
r]nasal

A tablulation of these relative efficiency values follow:

Re r]oralmnasal
100 0.243
500 0.330
2 1000 0.376
: 2000 0.429
; 5000 0.5097
( 7500 0.5503
’ 12,000 0.728
3 50,000 0.862
- 100,000 0.937
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Figure 40 shows the relative conditioning efficiencies of the oral and
nasal passageways during inhalation. As expected, the oral passageway is a
less efficient gas conditioner than the nasal passageway (ratio less than 1)
across the entire range of tracheal Reynolds numbers. 1In addition, the oral
conditioning capability is seen to be progressively worsened with higher Re ]
(resulting from respiration in hyperbaric environments). Unfortunately,
beyond an Re of approximately 15,000 (peak nasal resistances of 6 to 9 cm
HZO for all respirable mixes), mouth breathing was seen previously to be
mandatory due to the high nasal resistance. One is thus forced to breathe

through the mouth when its relative efficiency is seen to be lowest (0.6).

It should be noted that the derived relationships for oral breathing
are applicable only for the configurations of the model tested. It is
conceivable that variable conditioning capabilities can be obtained through
the oral cavity by varying the position of the tongue relative to the roof
of the mouth. The sensitivity of this variable configuration to heat trans-

fer processes is left for future investigations.
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CHAPTER V

SIMILARITY RELATIONS FOR CONVECTIVE MASS TRANSFER

The determination of heat transfer relationships in the previous two
chapters has satisfied only half the necessary requirements for our under-
standing of the conditioning capability of the human respiratory system.

Humidification processes must also be characterized.

Heat transfer coefficients have been determined experimentally for a
number of different flow geometries [60] by other investigators. As in the
case of the models used in this investigation, these coefficients can be
determined relatively easy over a wide range of flow conditions. On the
other hand, data on mass transfer are relatively sparse [64] due to the
complexity of experiments required to produce mass transfer coefficients.
Fortunately, however, previous investigators [61, 62, 63] have recognized
that there is an analogy between heat and mass, as well as, momentum trans-
fer processes. They have been able to use heat transfer data in predicting
mass transfer coefficients quite reliably at low mass transfer rates, situ-
ations not unlike the humidification process which takes place in the respir-
atory system. The following discussion will develop this analogy between
heat and mass transfer in the human respiratory tract, and apply this analogy
to derive mass transfer coefficients from the experimentally determined heat
transfer data. The development of this analogy will be made for steady,
fully developed flow and later modified to cover the special flow in the

respiratory system.

(111)

g is 4
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Consider the steady isothermal flow of a gas, B, containing water
vapor, A, in a segment of a tube (representative of the human airway) shown
in Figure 41. We assume that the velocity distribution at plane "1" is
known, and that the fluid concentration is constant at XAl in the region

Z < 0 where

XA = mole fraction of water vapor; i.e., molar concentration of A

divided by total molar density of mixture.

From Z = 0 to Z = L, the wall is coated with a thin layer of liquid water
(mucus was reported earlier to be 95% water [38)) which dissolves slowly and
maintains the liquid interface composition, XAO, constant along the dissolving
surface. The physical properties of the gas and liquid are also assumed

constant along this tube section.

The rate of heat transfer by conduction, Q, through the tube walls

between '"1" and "2" can be written.

arrzR
o
where
Lo watts
K = thermal conductivity of tube wall, pee T
R = tube radius, cm
d0, dz = elemental angle and length, respectively.
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Additionally, this heat is transferred to gas B convectively as

Q= h, m2RL (T, -T))

where
Tw = tube wall temperature, °C
T1 = bulk gas temperature at "1", °C
h1 = heat transfer coefficient based on the initial temperature
. watts
difference (Tw Tl)’ “emZ-5C

For this tube segment, we can equate the conduction and convection heat flows

at the wall to get

1- 2nRL (T, - T)) . =R

]

L s2n
h 1 S g &2 )R do dz (18)

Note that this expression is valid for either laminar or turbulent

flow, as long as all turbulent profiles are time smoothed.

Likewise, an expression for the mass transfer rate of water vapor to

gas B in this tube section is shown by Bird, Stewart, and Lightfoot [61] to

be
1 L ¢g2n X,
“x1 ° - (b, 5. ) RdOdz (19)
X1 ~ 2 nRL (XAo xAl) v arr=R
(o] o
where
K,. = mass transfer coefficient, 59_1_221§§
X1 sec - m
Xa1 © mole fraction of water vapor at "1"
C = mix molar density = 39—:E§9155
2
D, = mass diffusivity coefficient of water vapor to gas, EEE

—

P P P

[PV S -
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Equations (18) and (19) are similar in form, with only a variation in
constants and quantities of gradient. The similarities between equations
(18) and (19) can be further highlighted by normalizing ther with the following

dimensionless quantities:

r= %, D = tube diameter
7 =2
Z=p
_ T-T
T =
Tl-T
X -X
Xy = Q 1_\2
Al TAD

Following normalization of equations (18) and (19),

h,D 1 MR o aT =
X “ZriD - ;E de dz (18a)
o o -1
2
L/D ,2n -
KXID _ 1 ?Eé o
C Dv “2nL/D " 5% do dz (19a)
o r =

The close resemblance between the right side of equations (18a) and
{19a) is seen to differ by only the quantity of gradient at the tube wall

interface; i.e., temperature gradient for heat transfer and mole fraction

gradient for mass transfer.

amazihaie

e oy - e e
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The group of terms on the left of equation (18a) is recognized as the
dimensionless Nusselt number, Nu. This number is a dimensionless expression
for the heat transfer coefficient. Similarly, the dimensionless mass transfer
: coefficient seen on the right side of equation (19a) is the Sherwood number,
» Sh; i.e., ’,
th
'y Nu = — can be interpreted as the ratio of the temperature
‘f ) K gradient at wall to the overall stream temperature
o difference [65].
& o
! and
& Kx1P
C Sh = —— can be interpreted as the ratio of mass diffusivity
: C Dv to molecular diffusivity [65].
g
r d
} Bird, Stewart, and Lightfoot {61} have additionally shown that this

resemblance can be further highlighted by observing the normalized equations
of change for heat and mass transfer in this tube section. When viscous

dissipation is ignored the energy equation for this system is written

DT 1 52 :

L. TT ;

Dt RePr (20) i

1

i |

' where i
Re = Reynolds number, pVD/p

o
a1
n

Prandtl number, Cpp/K

' and the motion equation for mass transfer is

S ORIV

where Sc = Schmidt number, p/pDv.




PR

———

These equations are seen to be analogous. In fact, we can see that
provided Pr = Sc the dimensionless temperature and water vapor mole fraction
profiles must be identical. Under these conditions the solutions to equations

(18a) and (19a) would be exactly the same, and we could equate

or

Nu = Sh. (22)

Although, it is shown in Appendix E that Pr is in fact approximately
equal to Sc for the respirable gases evaluated in this study, in general we
can derive expressions to handle unequal values of Sc and Pr. (This development

will follow shortly.)

By going through a similar analysis as above, see Appendix H, the dimen-
sionless velocity profiles for certain fully developed flow problems can be
shown to be identical to the temparature profiles provided the molecular

Prandtl number, Pr, is unity [60].

Note: For turbulent flow, Pr = Prt = 1.0 must apply [65]

where

™

_ Eddy Diffisivity of Momentum
" Eddy Diffisivity of Heat

Turbulent Prandtl Number

Pr, =

-
[ard
= |3

linder this condition
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where

f = tube friction factor.

Equation 23 is the well known Reynolds analogy [65], see Appendix H, which
has been used for years to reliably correlate convective heat transfer with
friction factors for fully developed flow systems with Prandtl numbers of

approximately one.

A closer look at the physical meaning of the dimensionless groups
discussed above gives added insight into these analogous heat, mass, and

momentum processes. By definition

Prandtl number = Pr = 22 kinematic viscosity (momentum diffusivity)

o, thermal diffusivity

c C.H
=Y. ppy .
== 6 BB =<

Note that if the momentum diffusivity equals the thermal diffusivity
(molecular and eddy), one would expect similar temperature and velocity
profiles within the tube section. Although data on eddy diffusivities, ¢,
are rare, it has been observed that &H =& is a good approximation, except for
liquid metals [65]). (This is the fundamental postulate for Reynolds analogy in

turbulent flow.)

Similarly, the molecular Schmidt number is defined as

_ v, momentum diffusivity

Sc = D,, mass diffusivity
- (E) 1— = _l‘l_
p’” D pD
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while the turbulent Schmidt number is

sc - .m _ Eddy Diffusivity of Momentum j

t € Eddy Mass Diffusivity ’ i

o

Here again, Sc = Pr and Sct = Pr, implies that mass diffusivity equals

t
thermal diffusivity, giving similar temperature and water vapor mole fraction
o profiles. In the case of Sc = Pr = 1 (molecular and turbulent), or Dv - o =uv,
1 the dimensionless mole fraction, temperature, and velocity proriles must be

i

i

identical for the fully developed flow system in Figure 41. This permits us
b to equate equations (22) and (23) to give
Nu = §h = § Re for Pr = S5c = 1.

Or since Sc = Pr = 1, we can rewrite the above to give

Nu _ _Sh _f !
Re Pr ~ Re Sc ~ 2 (24)

or after substitution

! U R (24a)
pCpV cv 2
The above relationships have been found to give reliable correlations
of heat, mass, and friction factor data for fully developed flow systems
having moderate temperature, low mass transfer rate flows with gases having
i Pr = Sc * 1 [60]). Chilton and Colburn [62] showed empirically that the
above relationships could be applied as well to gases with Prandt]l and
Schmidt numbers other than unity (they showed satisfactory correlations over

range of 0.7 < Pr < 1000) by substituting Pr1/3 for Pr and Scl/3 for Sc in

equation (24} to give

. | |




rr

h

Nu 2/3 - f

Jy = = ( ) (Pr) = (25)
H ™ peprl/3 pC v 2
. Sh KXI _ 1

and j = ——= = (55-) (5¢c ) 5 (26)
)] ReScl/3 CV 2

Due to the identical equalities displayed on the right hand sides of
Equations (25) and (26), a direct result of the above relationships makes
jH = jD. Equations (25) and (26) are known as the Chilton-Colburns j- factor
analogy. They can be used to predict heat and mass transfer coefficients
from friction factor data for fully developed flow over flat plates and
straight tubes. Unfortunately, the complex flow through the respiratory
system cannot be considered fully developed. For flow across bluff bodies
or curved conduits as in the respiratory system the drag coefficients based
on total drag are seen to be much greater than the j- factors. (See Appendix F).
This discrepancy is due to the drag coefficients for bluff bodies are based
on the drag due to skin friction, and the additional form drag component.
The form drag has no counterpart in heat or mass transfer [61]. However,
jH = jD has been observed to still hold for flow systems not fully deve-
loped [78]. By equating the left hand side of equations (25) and (26) to
each other, we are then able to predict mass transfer coefficients from known

heat transfer data, even for complex flow systems.

Parker, Boggs, and Blick [65] have shown that by defining ~%l as hD’
the above form of Chilton-Colburn j- factor equation becomes
M2
ip = v (8¢) /3 (27)
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Here h. has the units ——
D sec

The Chilton-Colburn j- factor analogy can now be applied to the heat
transfer data obtained from the models of the human respiratory tract. For
the branching pipe model, heat transfer was characterized during both inspira-
tion and expiration as

0.731

Nu = 0.0733 (RePr) (for 195 < Re < 62,000)

From this relationship, the appropriate j- factor can be calculated as

0.731 0.731
r

oo _Nu__0.0733 Re P
K Rel‘rl/3 RePr +33
iy = 0.0733 Re™ 269 py - 401 (28)

This relationship is shown in Figure 42 for the branching model of the human

respiratory tract as plotted from actual test data.

The corresponding mass transfer j- factor can now be derived by equating

it to jH with Prandtl number replaced by Schmidt number; i.e.,

jp = 0.0733 Re™ 209 g 401 (29)

This analogy can likewise be applied to the other heat transfer relation-
ships derived experimentally in this study to obtain expressions of mass
transfer in the upper respiratory tract. These derived j- factor relation-

ships are shown in Figures 43-46 and summarized in Table 11.
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The following example demonstrates the usefulness of the above j- factor
relationships to finding heat and mass transfer coefficients for the respira-

tory tract.

Example

Air at 30°C is flowing at a mean velocity of 9.144 m/sec through the
main bronchus of the lower respiratory tract. A thin mucus layer covers the
entire surface of airway passage. What are the heat and mass transfer

coefficients for the first three branches of the lower respiratory tract?

Solution

Using the gas properties for air at approximately 30 °C [46]
p = 1.202 Kg/m3; p = 0.0649 Kgm/m-hr; K = 0.0220 Kcal/hr-m-°C;
Cp = 0.2402 cal/gm-°C. From Weibel morphological dimensions [27], the

diameter of the main bronchus is approximately 1.27 cm.

From these conditions

Re:QE

TRl 7,743
CH
Pr = R = 0.708
From Figure 42, jH = 0.006 for Re = 7743. This agrees with Equation

(28) where jH is found to be 0.0057.




e

|

Therefore,

- 2/3
hy = jy PCV/Pr
_m_
K Cal sec
= .0057 (1.202) 3B (0.2402) 22 (9.144) —— 2L
m gm-°C (0.708)2/3
h1 = 0.01897 Kcal/m2-sec-°C
h1 = 68.28 Kcal/m?-hr-°C.

And assuming that jD = jH = 0.0057, then

- 2/3
by = Jjp V/Sc
where
Sc-_-_E_
PD,
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Spaulding {9] gives an empirical relationship for the mass diffusivity,

Dv’ of water vapor in air as

b - 0.000146 723
v~ P T+441
T
where
PT = total pressure, atmospheres

-3
i

temperature, °R
D, has units of ft2/hr.
For the above conditions, Dv = 0.972 ft2/hr or Dv = 0.0903 m2/hr

and

Sc = 0.0649 Kg/m-hr , = 0.598.

K m
1.202 E§ X 0.0903 i

(30)

S
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Therefore,

0.0057 (9.144) EEE o
hD= 273 = 0.0736 Sec
(0.598)

or

These heat and mass transfer coefficients can now be utilized to solve
for the heat and mass exchange in the first three branches of the lower res-
piratory tree. The application of these derived transport data and similarly
derived data from the experimentally obtained upper tract characteristics

will be discussed in the next chapter.




CHAPTER VI

APPLICATION OF EXPERIMENTAL RESULTS

In order to investigate the local heat and water vapor transports in
the respiratory system it is necessary to first develop a theoretical model
of this system in which the experimentally derived heat and mass transfer

coefficients can be utilized. Two models are proposed for this application.

The first approach, and the more rigorous of the two, has been proposed
by Scherer and Hanna of the University of Pennsylvania [85]. In their
model, shown schematically in Figure 47, anatomical details of the airway
wall are neglected and the distance between wall blood supply (capillaries
and venous plexae) and the gas-mucous interface (Ay) is considered to be

occupied by a homogeneous medium of constant thermal conductivity, K

tis (a
good first approximation). Heat is assumed to be transported across this
medium from the blood, at temperature TB(x), to the mucous-gas interface
temperatures, TM(X)’ as given by

- . Ktis
9 Ay

[Ty - Ty

Under steady-state conditions a heat balance at the mucous-gas inter-

face at any location in the respiratory system would be

(131)

P~

abiaalithe,
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where Uonv is the convective heat flux between the mucous-gas interface and

the gas stream, and 9 is the latent heat exchange with the gas stream.

With the experimentally derived local heat transfer coefficients, h(x),

we can write the convective heat flux as

q = ~h(x) [TA - TM]°

conv

Additionally, the latent heat exchange can be written as

= NM + h_. where:
W

9 fg
= moles H,0
N = mass flux of water vapor, ——Ezjggg—
M = molecular weight of water, &
w mole
hfg = latent heat of vaporization, cal/gm

The above heat balance can now be written as

K, .

tis - _ .

Ay (TB - TM) = h(x) (TM TA) + NMw hfg . (31)
However, the convective mass flux, N, at the gas-mucous interface can be
derived from the average water vapor contents of the mucous layer and the
air stream once a knowledge of the local mass transfer coefficients, hD(x),
is obtained:

N = hy(x) [C - C,] (32)

where: and CM are the molar water vapor contents of the gas stream and

Ca

mucous-gas interface, respective, 991553529

/

a
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The above expressions for heat and water vapor transfer at the mucous-

gas interface are seen to be coupled at equilibrium since

Cy = £(Ty)- (33)

Neglecting axial vapor diffusion, Scherer and Hanna go on to show that the

. water vapor mass balance on a differential slice of the total airway

ai cross-section can be written as

.

. dcC

1 _A_ P(x) -

B V(x) - A hpy (%) [cM C,l (34)
Vg

"; where:

L4

V(x) is the local mean ajirstream velocity

; P(x) is the local total airway perimeter

’ A(x) is the local total airway cross-sectional area.

Also, the energy balance on this differential slice of the airway can be
| written
N a7 C MN
» AP 1 - P(x) pww (o _
V) 5% = 360 pe PO My = T + 06y pe Ty = Tal (35)
pA pA

hti The above equations, Equations (31)-(35), make up a system of coupled,
r | non-linear ordinary differential and algebraic equations for the solution of
; local mass flux of water vapor, N; mucous-gas interface and mean local gas

‘ temperatures, TM and TA; and mucous-gas interface and mean local gas water
o

vapor contents, CM and CA' Although specific solutions to this system are

beyond the scope of this investigation, this system of five equations can




135
be solved numerically to determine the steady state temperatures, humidities

and heat and water vapor fluxes along the human respiratory tract.

A second and more simplistic approach looks at the heat and water vapor
transport systems independently, and assumes that the capillary and venous
plexae are capable of maintaining the heat load requirements of both mechanisms,

thereby maintaining constant local mucous-gas interface temperatures.

The experimentally derived heat and mass transport characteristics for
the upper and lower respiratory tracts can then be used to calculate the
heat and water vapor additions to the respiratory gases as they progress
inward to the alveoli. Such calculations can be made in a stepwise manner
from segment to segment in the respiratory tract while having the option to

vary wall temperature as we progress inward.

Treating the heat and mass transfer mechanisms within the respiratory

tract independently, we can write:

HEAT TRANSFER
Energy of Convective Energy of
gas entering + heat addition = gas leaving
segment within segment segment
or
DZ - B nDZ
L pv1 na Cp Ti + nDLh (Tw - Ti) = le—Z Cp Ti+1
]
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where D and Vl are the characteristic diameter and flow velocity in the
airway segment respectively, and L is the total flow path length within the

respiratory system segment.

Upon rearranging, we can calculate the downstream temperature of each

segment as

4hL
Tigp =73 * PV CD (T, = T (36)

and

MASS TRANSFER

Mass of water vapor mass of water vapor added mass of water vapor

. + . .
entering segment to gas in segment leaving segment

By definition [60] the mass of water vapor entering through convective

diffusion into the airway segment is

m = hyA (p - p;)
where m = mass transfer rate, gm/sec
hD = mass transfer coefficient determined experimentally, cm/sec
= mass transfer surface area, cm?
P, Py = partial mass density of water vapor at wall interface and airway

segment entrance, respectively, gm/cm3.

Assuming that the water vapor behaves as an ideal gas, we can write

Ty
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and we can approximate the mass transfer rate as

where
Rv = gas constant for water
‘ = universal gas constant/molecular weight of water
vl = 8314.3 joules/Kg-mole-°K+18.016 Kg/Kg mole = 461.5 joules/Kg-°K
!‘.;
' T=T + 273, °%K
b w
1
L
4
: Pv , Pv = vapor pressure at wall interface and entrance,
- w i respectively, N/m? (pascal).
AR
With the above definitions, we can rewrite the mass balance as
nDL
nD2 By _ . o2
VTt R By B TPV T iy
v w i
However,
Wi = humidity ratio, gm water vapor per gm dry air. The humidity
ratios can be calculated from the vapor pressure as [66]
Pv, R
; W o= 1 _B
i P, -P R
t v, v
L} 1
:
. and
‘ P
' v, R
o W= g
i+l Pt - Pv Rv
i+l
' where
- R8 = gas constant of dry gas, joules/Kg-°K
P_ = total pressure, N/M?

——— e m s
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The above mass balance can now be written

P
R V. h_ nDL
nb2 g i D
M7 R P YR By TR
v t vi v w i
P
1 4 R P, -P
v t v

Upon rearranging and simplification, we can solve for the downstream

vapor pressure of each segment as

4ho L
[Rg - B+ oV, O - C ]

Py, =P, 4hDL 37
i+l R +R +B+—2- -
g g leDT
where
P
Vi
B =
Pt‘ v,
i
and
C=p -P
v v
w i

Equations (36) and (37) can be utilized in a stepwise matter to calcu-
late the mean gas stream temperature and vapor pressure in each location of
the respiratory airway. Once these values have been obtained, the various

contributions of energy addition to the respiratory mixture as it progresses

through the airways can be determined as outlined in Appendix G.
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During expiration, the energy and water vapor conservation features of
the airways can be shown by performing these stepwise calculations in the
reverse direction. However, it should be noted that the exhalation gas
stream, having been previously saturated with water vapor during inhalation,
will remain saturated (i.e., p; = saturated mass density at Ti)' Any condensate
from the gas stream onto the airway walls will result due to the reduction

in pw as the wall temperature progressively decreases axially.

The above calculations were made for typical inlet and ambient conditions
using the program "Application" listed in Appendix I. Examples of these
predicted gas stream temperatures are shown in Figure 48 during inhalation
studies. These examples show a moderate effect of respiratory flow rates on
the depth of penetration of the gas stream prior to reaching body tempera-
ture. At similar flow rates, ambient gas temperature is seen to have only a
minor effect on the depth of penetration prior to reaching body temperature.
However, it will be emphasized again that the use of this simplified model
in which heat and water vapor transport are handled independently allows
chances for significant errors to occur in these predictions. The use of
the coupled model presented earlier, in conjunction with the experimentally
derived heat and mass transfer coefficients from this research, should
provide a better predictive capability for the gas stream conditions and

mucosa conditions throughout the respiratory system.

-
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; CHAPTER VII

SUMMARY - FINDINGS AND RECOMMENDATIONS

ii‘ Heat transfer mechanisms have been characterized in physical models of
! the upper and lower respiratory tracts of humans over a wide range of envir-
onmental pressures and gas mixtures. Characterizations were made using
quasi-steady gas flow representations for inhalation and exhalation phases

for both oral and nasal breathing modes.

A single heat transfer relationship was found to well represent both
inhalatory and exhalatory flow modes for the lower respiratory tract. On
- the other hand, unique relationships were found necessary for the upper
respiratory tracts during inhalation and exhalation. However, characteri-
zations of both test models were found to behave independently with depth,
so that testing at 1 ATA yielded data representative of that recorded at

depth.

From the above characterizations a convenient analysis of the compara-
tive conditioning efficiencies of the oral and nasal cavities was possible.
It was observed with the model configuration used in this investigation that
i the oral cavity was a less efficient gas conditioner than the nasal cavity

across the entire spectrum of ambient conditions tested. It was addition-

- ally observed that the conditioning capability of the oral cavity decreased

(141)

iy P A
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relative to the nasal cavity as the respiratory rates and/or ambient pres-

sures increased.

It should be noted that the above results pertaining to the oral cavity
heat transfer characteristics and the relative conditioning capabilities of
the oral and nasal cavities can be quite sensitive to the positioning of the
tongue. Proctor and Swift [38] note that the oral airway has a highly vari-
able size and shape. They point out that it is conceivable that a narrow
airway produced by approximation of tongue and palate is nearly as effective
as the nose in cond’tioning inspired gases. On the other hand, a wide
oropharyngeal airway will almost certainly give negligible heat exchange to

inspired gases before they reach the trachea.

To a lesser extent, the conditioning capability of the nasal cavity
will be somewhat variable. The "nasal cycle", the observed phenomena in
which flow resistance in the left and right nasal passages appear to follow
cyclic patterns out of phase with one another, will have a potential effect
on the overall conditioning capability of the nasal tract. The significance
of the '"masal cycle" and tongue positioning in the oral tract on the condi-
tioning capabilities of these air passageways should be explored. The
inherent difficulty in constructing a physical model of these passageways
having variable geometrics can be avoided by evaluating several different

rigid models, each with a unique flow passageway geometry.

Analogous mass transfer relationships have additionally been found for
each respiratory flow mode. Efforts to relate the heat and mass transfer

j-factors (Chilton-Colburn) with corresponding friction factors, as derived
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from pressure drop recordings in the upper respiratory tract model, showed
consistently j < £/2. This finding is consistent with other flow systems
having curved streamlines rather than fully developed flow due mainly to
form drag. This form drag as described by Bird, Stewart, and Lightfoot [61]
has no counterpart in heat transfer, and thus its added contribution to f is

expected.

In the last portion of this study a mathematical model was introduced
to apply the experimentally obtained heat transfer relationships and derived
mass transfer relationships to an evaluation of heat and mass transfer in
the human respiratory tract. It is emphasized that such a model, which
couples these two transport processes, is important as each mechanism will
directly effect the magnitude of the other. Independent utilization of the
heat and mass transfer relationships can only be expected to give erroneous
results. Such a coupled system model should be developed to adequately
utilize the data from this investigation. Following its development the
results of its utilization should be compared with available physiological
data of local gas stream and passageway wall temperatures in the human lung.
These validation efforts can lead to refinements in the mathematical model
until satisfactory agreements are observed between predictions and experi-
mental recordings. The successful development of such a model will offer a
valuable tool in the investigation of the effects of breathing cold, dense
gases on the local conditions of respiratory passageways. It can further be
utilized in the continuing investigations of cold induced asthma, cystic

fibrosis, and numerous other respiratory ailments which plague humans daily.
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APPENDIX A

ASSUMPTIONS USED DURING EXPERIMENTAL RECORDINGS

In the process of the experimental analyses, several fundamental assump-
tions were necessarily made including,

a. The thermocouple probes used in the experimental procedure, described
for the lower tract testing, are recording true gas stream temperatures
which are insignificantly effected by radiant heat exchange with the tube
walls or gas medium, or heat conduction through the thermocouple probes,

b. Constant model wall temperatures can be assumed in both test setups
and

c. Steady state flow experiments are respresentative of the actual

variable flow situation in the respiratory tract.

At this time arguments will be made which justify the above assumptions.

2. Error Analysis for Thermocouple Probes

According the McAdams [47], the following heat balance equation is
applicable in steady state for a gas sensor when considering errors induced

by radiation, convection, and conduction heat transfer:

Q *+Q *+Q *Q =0
(145)
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where

Qgr = heat flux by gas radiation between the gas and the sensor.

o
H

heat flux by convection between the gas and the sensor.

O
il

heat flux by radiation between the sensor and surface

that it "sees."

(] " Qk

heat flux by conduction between the sensor and the

surrounding walls.

Heat flux, Qgr , by gas radiation between the gas and the sensor will
o be ignored in this experimental effort. Siegel and Howell [48] point out
that heat exchange through this medium becomes significant only when evalu-
A ating such unsymmetrical gas molecules as carbon dioxide or water vapor.
For all but extremely high gas temperatures (several thousand degrees)
insignificant radiant energy is transferred between gases with symmetrical

molecules through emission, absorption, and scattering. i

Heat flux, Qk , by conduction between the sensor and the surrounding

wall can be expressed as

YAV /T”
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where
Kp’ Kt = thermal conductivity of thermal probe material and thermocouple
leads, respectively (watts/cm - °K)
Ap, At = cross sectional area of thermal probe and thermocouple leads,

respectively (cm?)

L Lt= probe length and thermocouple lead length, respectively (cm)

-3
t

wall temperature, °K

-3
f

sensor temperature, °K

For the thermoprobes used, Lt is approximately 2 cm, Kt is approxi-
mately 4.04 watts/cm - °K, and the cross sectional area, At’ of two 30-gauge
wire leads is 0.001 cm?. Thus, the resistance to heat flow due to the

thermocouple lead is

)

R, = o—— = 495.1 °K/watt

(a4
=
3>

This resistance, in addition to the added variable resistance of the
thermal probe as it traverses the lower tract model radially, is sufficient
to prevent a heat exchange between the sensor and the surrounding walls in
excess of 0.04 watts for a typical temperature differential (Tw - TS) of
20°C. This low heat exchange can thus be ignored in this steady state

analysis.

Following the exclusion of Qgr and Qk we are left with the expression

Q

flow by radiation from the thermocouple junction to the walls equals the rate

c + Qr = 0. For example, under steady state conditions, the rate of heat

of heat flow by convection from the gas to the couple. The effect of the

radiant exchange between the sensor and the surrounding walls on the recorded
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temperature can thus be estimated by looking at the above heat balance in an

expanded form during steady state conditions:

P - = 4 _ 7 4
h A(Tg TS) AFSw £0 (TS Tw )

where

T = true gas stream temperature
A = surface area of the thermocouple bead

€ = emissivity of the thermocouple surface

4 [50]

0 = Stefan-Boltzmann constant = 5.672 x 10-8 W/mZK
h = mean convective coefficient between sensor and gas.

F = shape factor between thermocouple bead and surrounding walls
(assumed to be 1.0)

Under a typical experimental measurement in this study, Tw was 45°C
(318°K), Ts (minimum) is 25°C (298°K), and h can be approximated as
0.142 w/cm?® °C {49). Using an emissivity of 0.1 for the soldered, highly

reflective, thermocouple surface [48] we have for radiant heat exchange

Q._ 318)% _ (298,4 W
A =0.1x5.672 [(i55 (100) ] nZ
=13.27 ¥ .

m2

The true gas temperature, Tg’ can now be calculated as

2 2
T = g_ +T = m 10000 cm” | ,o00
h

1}
N
w
(=]
(¥l

[
(@]
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It is obvious from this example that radiant heat exchange between the
surrounding walls and the thermocouple bead have an insignificant effect

(less than 0.1°C) on the temperature recorded by the thermocouple.

b. Constant Model Wall Temperture

It is universally accepted that the temperature of the mucosal
lining of the respiratory tract varies to some extent with axial position in
the airways. However, Johnson [26] has given evidence which suggests that
nearly steady state conditions are set up fairly rapidly during inspiration
and expiration, with minimal mucosa temperature fluctuations occurring over
the respiratory cycle. For the segmental model used in this investigation,
it was assumed that constant surface wall temperatures were adequate for
representing the heat transfer characteristics of the respiratory tract.
This was found to be necessary due to the extreme difficulty that was anti-
cipated in matching the thermal properties of the model with that of human
tissue. It should be noted, however, that this constant wall temperature
assumption holds only for the upper tract segment and the three branch
segment represented by the lower tract model, and does not prevent a step-
wise axial temperature gradient along the airway passages. By thinking of
the respiratory tract as an assembly of the upper tract and consecutively
scaled segmental models of the lower tract, each with its own mean wall
temperature, we are able to analyze the heat transfer characteristics of the

respiratory tract with axially varying wall temperatures.

Johnson [51] confirmed the axial temperature gradient in an anesthesized

dog's lung even while breathing temperate air at surface conditions. However,

he found that the local wall temperatures in the upper and lower trachea
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remained constant during rapid periodic respiration, even while being venti-
lated with cold, dense air at a simulated depth of 58 metres of seawater.
This observation gives supporting evidence that the airway walls may display
an insignificant transient temperature variation with the respiratory cycle.
The assumption of constant wall surface temperature thus appears to be
reasonable, provided the time interval used in analyzing the respiratory
heat transfer is relatively short, and periodic updating of the wall tempera-

ture is made.

c. Steady State Versus Reciprocating Flow Systems

The experimental heat transfer characterizations derived from the
two models were obtained from steady flow processes. This approach of using
steady flow characterizations as being representative of the respiratory
process had previously been used by numerous investigators [17, 52, 53). The
primary justifications for the use of such models in engineering analysis
have been summarized by Johnson [51] from the papers of Schroter and
Sudlow [53] and Pedley, Schroter, and Sudlow [5&, 55, 56] and is quoted

below:

"A quasi-steady flow analysis of gas flow through the respira-
tory airways was considered to closely approximate the unsteady flow
state of cyclic breathing and superimposed heart-beat pulsations. The
Imperial College of Londou research group argued that the boundary
layers of the airways were constantly being reformed because of the
very short airway lengths (less than 4 diameters) between junctions.
Since the boundary layer (6) was always developing it was therefore

considered to be thin and basically laminar in nature. As a result of
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this, 6 was considered to be somewhat independent of the axial velocity

(u) at or near the core of the stream flow. Pedley, Schroter, and

Sudlow further argued that although secondary flows were induced at the
junctions of the airways and did operate on the axial velocity gradients
observed in the cross section, the radial and tangential components of
velocity were considered to be very much less than the axial component.
This argument enabled them to apply the basic concepts of classical
boundary layer theory to their perspex (plexiglas) model. Now, Womersley
[57] had shown analytically that oscillations superimposed on a parabolic
pipe flow would not grossly disturb the boundary layer velocity profile

of a quasi-steady flow if & is less than one (1), where

a =R %
R = Radius of pipe or tube
w = Angular frequency in radians
v = Kinematic viscosity

"This statement is similar to Schlichting's [58] comment that for Rd[gﬁ
verv small; i.e., very slow oscillations, the velocity distribution near the
wall is in phase with the existing pressure distribution forcing the flow.
Since the boundary layer growth is a function of the local velocity, then it
is assumed that for o < 1 the developed boundary layer at some instant of
time for a periodic flow will be the same as the boundary layer associated

with a quasi-steady flow of an equivalent velocity."

"Sudlow, Olson, and Schroter [59] poted in flow visualizations of both

ideal models and casting of the bronical tree that the boundury layer thick-

ness of an airway was very much less than the tube radius. They note that
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for the normal range of respiratory frequencies of 0.2 to 0.83 cycles per

] second (cps) {5] with 1 ata air that a is very much less than one even in

regions of anticipated turbulent flow if the boundary layer thickness (8) is
substituted for the airway radius (R) in the previous equation. o would be
greater than one during normal quiet respiration of twelve breaths per
minute (0.2 cps) for airways of greater than 0.7 centimeters (0.28 in.)
diameter using the originally stated equation of Womersley. This hypothesis
of Sudlow, Olson, and Schroter [59] as yet has not been experimentally

evaluated."

"With respect to parabolic flow alone, o may be considered to be an

idealization of the relative magnitude of oscillating disturbances created

in the boundary layer to the magnitude of the steady flow boundary layer.

For nonparabolic flow profiles, Womersley defined the following relationship
to estimate the effect on the boundary layer of superimposed flow oscilla- '

tions."

)

(¢)"

If B is greater than one (B > 1) then the oscillations of angular frequency

B:

ElIC

w will affect the flow profile, and if § is less than one (B < 1), then the

quasi-steady state may be assumed to be appropriately representative of a

e

periodic flow state. For a normal respiration rate of twelve breaths per
minute (0.2 cps) the maximum boundary layer thickness without perturbation

from the periodic flow would be 3.5 millimeters (0.14 in.). The maximum
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boundary layer thickness at the maximum respiratory rate of fifty breaths

per minute (0.83 cps) is estimated to be one 1.7 millimeters (0.07 in.).

"It shold be again remembered that these are idealizations of the
boundary layer effects on models of branching airways. The developments are
based on ideal flows, both fully developed laminar (Poiseuille) and fully
developed turbulent, in smooth cylindrical pipe. The application is to
symmetrical dichotomous branching airways that are cylindrical in nature.
The actual bronchial tree is neither symmetric nor dichotomous in its branch-
ing, and the cross-sectional shapes deviate considerably from the idealistic
circular cross section. However, the boundary layer concepts that have been
set forth provide the researcher a relevant perspective concerning the
applicability of the result of quasi-steady flow studies in bronchial tree
models.”" Likewise, the applicability of the quasi-steady flow studies in

the upper tract model can be similarly argued.
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APPENDIX B

TESTING OF ELECTRONIC ICE POINT REFERENCE JUNCTIONS FOR USE
IN HYPERBARIC ENVIRONMENTS

Prior to using thermocouples in a hyperbaric environment, it was neces-
sary to determine the effect of elevated pressures on the electronic ice
point reference junctions (Omega MCJ) being utilized in this research,

Figure B-1. Since all electrical penetrations through the hyperbaric chamber
wall have copper conductors, it will be necessary for the electronic ice
point to be positioned inside the chamber, fully exposed to the high pressure

environment.

To investigate this condition, a copper/constantan thermocouple junction,
constructed of 30-gauge wire with nylon insulation, was placed in a beaker
of ambient temperature water. In series with this thermocouple circuit was
placed an electronic ice point junction (Omega Model MCJ). Additionally, a
thermistor (Yellow Springs, Inc., YSI 701) was placed in the same beaker of
water to be compared with the thermocouple readout. DeBoer, Stetzner, and
O0'Brien [34]} have previously found that this type of thermistor was little
affected by pressures up to 71 ata. Thus, it serves as a good reference for

comparison with the thermocouple circuit.

This entire assembly was positioned in a small hyperbaric chamber

(rated to 6890 kPa), and the temperature monitor lecads were attached to the

(154)
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chamber electrical penetration connectors. Outside the chamber, the leads
from the thermocouple connectors were monitored by a Hewlett-Packard 3466A
Digital Multimeter while the thermistor was monitored by its appropriate YSI
signal conditioner. See Figure B-2 for a schematic of this test setup. At
this point, the chamber was sealed and initial temperature readings were

recorded for the thermocouple and thermistor.

The chamber was then successively pressurized at a rate of 60 feet/
minute using nitrogen to depths of 100, 200, 300, 400, 500, 750, 1000, and
1150 feet of seawater. Following a 10-minute waiting interval at each
depth, temperature readings were recorded for both temperature transducers.
Figure B-3 shows the results of these measurements in elevated pressure

environments.

Although both temperature probes showed a slight upward trend in temp-
erature as depth increased (due to temperature build-up in the chamber
during pressurization), the copper/constantan thermocouple tracked the
thermistor throughout the test. A maximum variation of 0.4°C was seen

between the two transducers during approximately 90 minutes at depth.

Following these recordings, the chamber was decompressed to the surface
at a rate of 60 feet/minute. The thermocouple circuit was then taken from
the chamber and a calibration check made using the test setup shown in
Figure B-4. A hot plate/magnetic stirrer (Cole Parmer Model #4817) used in
conjunction with a water-filled beaker provided a boiling water source for
this calibration check (barometric pressure was 30.00 inches Hg). The
signal relayed from the water immersed junction through the electronic ice

point was monitored by an HP 3466A digital multimeter. During vigorous

e s




YU,

157

JONVINHO4H3d LNIOd 301 JINOHLD3T3
NO S3HNSS3IHd A31VAITI 40 S103443 IAHISE0 Ol dN13S 1S3L *Z-8 3UNOI4

311109 N3JOULIN

m._.._

00¢

aImni4-y3Lvm

43GWVHD J1dVad3IdAH

LEVLEL!

aalvy 91Sd 0001

NO1LINMF

43INOILIANOD
TYNIIS
ISA

o0
J3IWILINW
1vllola
Vvo9pe dH

INIOd 301
JINOY1I313

0J/nJ

39V9
FNSSHId

——— vt e . et —




e e e e

158

37dNOJOWHIHL NVINVISNOD/H3IddOO ANV

HOLSIWHIHL LOZ ISA V WOU4 G3NIVLS0 SONIAHOI3Y FHNIVHIJWIL 20 NOSIHVJIWOI -€-8 3UNOId

(MS4) Hid3d
00¢1 0001 008 009 1,17 00¢ 0
{ | [ T ] I
€0 b
1
~ o\.\ !
_—e o\H
- o\
. \ —
. \\ —
¢ 0 A \o\\ e
0\\\.\
— —
JOLSIWAH3HL T0L ISA—e—_o— _
TdNOJOWHIHL 000+~ |

174

74

9%

Le

(o) IINLV¥IIWIL




159

3HNSOdX3 J1HVYEHIdAH DNIMOT104
NOILONNF LNIOd 301 JINOYLD313 NO MI3HI NOILVHEITVD HO4 dN13S 1S3l ‘8 3HNOI4

L18%# 1300W
BH NI 00°0€-ONIGY023¥ JUNSSTId DIYLIWOYYS dIWdvd 109
¥MYILSALVId 1OH
4YILS
NOILONAS : 1 LIN9YW
NVINVLSNOO/43dd09D /
ANYIQ YILVM
Y3LIWILLINW (l./l
vL191a FOW V¥93W0
V99v¢ dH INtOd 321 JINOY¥LOTI

i = st




water boiling, the copper/ constantan junction developed an emf of 4.245
$0.025 millivolts, which corresponds to a temperature reading of 99.5°C
[35]. A similar check with the thermocouple immersed in a well-stirred ice
bath showed an EMF corresponding to a temperature reading of 0.1 °C. This
0.5°C maximum variation with the boiling point is within the stated accuracy

of 0.5 °C of the electronic ice point junction [33].

These tests have shown no ill effects of elevated pressures on the
electronic ice point junction, either during compression or decompression at
moderate travel rates. These results would indicate that the use of thermo-
couples, in conjunction with an electronic ice point, is an acceptable

temperature transducer for hyperbaric use to 1150 feet of seawater.




APPENDIX C

LAMINAR FLOW ELEMENT VISCOSITY CORRECTION

The Meriam Laminar Flow Element is factory calibrated for flow with air
at 70°F (viscosity is 181.78 y poise). The LFE works on the principle of a
gas flowing through many small, parallel flow channels in the laminar regime
while establishing a pressure drop across the flow channels which is propor-
tional to the flow rate. For incompressible viscous flow (a good assumption
in this case due to the small pressure drop encountered), this pressure drop
can be shown to be the following for laminar flow in a pipe (Poiseuille

flow) [69]:

o - g

where:
AP = pressure drop across pipe
q = volumetric gas flow
L, D = length and diameter of pipe, respectively
M = gas viscosity.

That is, since D and L are fixed for any particular device the pressure drop

across any pipe is directly related to only flow rate and viscosity.

When using the LFE to record flow of gases other than air at the cali-
brated conditions, the LFE can either be recalibrated with the gas to be

measured or a viscosity correction can be applied to the calibration curve

found with air as follows:

B T




1. The differential pressure transducer records the pressure drop

across the LFE; for this application, the transducer output was calibrated

to give a 10-volt output at a full scale pressure of 0.5 psid.

2. The LFE calibration curve supplied by the factory for air flow can
be described by the following relationship through a least square curve

fitting routine:

TCFM (actual cubic feet of air @70°F) = -0.029004 * APz(inH20) + 3.058701

* AP(inH,0) - 0.008485.

3. The above calibration is based on air at 70°F (viscosity = 181.87 p

poise). The following calculates the actual gas viscosity.

i) temperature correction of gas constituents based on US Navy

Diving Gas Manual [46].

viscosity of O, (Y poise)

0.79

Hoz @ temperature T (°F) = 203.29 * (Aggéég;T)

tThis curve is unique for each LFE. Complete linearity is not achieved

due to the dynamic losses seen on entry to and exit from the resistance
element.
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viscosity of He (p poise) J

0.646
_ (459 67+T ‘
Wy @ temperature T = 195.80 *(=555=5") ‘

e

Note: The above relationships were derived by curve fitting data from the
Navy Diving-Gas Maunual

) ii) the viscosity of the gas mix can now be calculated as
P follows [61]

!17,
- n X. M.
,n - 11 3
Hmix 'El n
b 1 . 2 X ¢i.
= j=1 1 u ]
q :
‘ where:
,'; X = mole fraction of gas mix
- 1 1
. M, % b % ?1 % 2
. s —— 1+ 1+ ) G
: Hoos Y S
3 M = gas molecular weight.
For a two constituent gas, HeO,, we have
X, ¢
- Xje Mie . 0, "0
HeO, ~ ) +X, & X, ¢ + X ¢
2 e ®Hele * %o, %neo, e ®one * %o, %00,
where:
3 = Yy, %2
: M My 0,
: o 0 =S 1+ 1+ O D) ]
s HeO Ho e

2 B M°2 2
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2 J8 He Ple 0,
¢HeHe =1
1 = 1.
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4. A corrected flow based on the actual gas viscosity can now be

calculated as (flow inverse to viscosity):

CFM (actual) = CFM (air @70°F) x 181:87 p poise

7!
HeO2

5. This flow can then be converted to litres/minutes

litres

LPM (actual) = CFM (actual) x 28.32 Py

The above viscosity correction routine was incorporated in the
computer program "Data Acquisition - Upper Tract" shown in Appendix I

for recording model flow rates in the chamber testing.
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APPENDIX D

FINITE DIFFERENCE SOLUTION OF UPPER TRACT MODEL WALL

The derivation of heat transfer coefficients from the upper tract model
requires an accurate knowledge of the model wall temperature during data
collection. The polyester resin used in the fabrication of the upper tract
model does not exhibit the thermal properties (Table D-1) necessary for a
lumped-system (Biot number <0.1) assumption, as was used in the pipe model
of the lower tract. It was thus felt worthwhile to observe analytically the
wall's responses to exposures of cold, dense gases prior to physical experi-

mentation in the laboratory.

TABLE D-1

APPROXIMATE THERMAL PROPERTIES OF POLYESTER CASTING MATERIAL [40]

- . ~4 cal - cm

rhermal Conductivity, K 4 x 10 sec - cmZ - oC
s cal

Specific Heat, Cp 0.25 pr—T>

Density, p 1.10 - 1.46 f%

A small element of the model wall was first portrayed as a plane wall,

tor simplicity, having one-dimensional heat flow as seen in Figure D-1).

(165)
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FIGURE D-1. IDEALIZATION OF UPPER TRACT MODEL WALL

The heat equation in one-dimensional form is [70]

where:

o = ga = thermal diffusivity
P

X, t, 6 are the space, temperature, and time variables, respectively.

The boundary conditions can be written

i
o
~
"
-3

at x

at x = L h (¢ - TS) = =K —

The initial condition can be written

at 0 =0 t =T .

(e T
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: By defining the following dimensionless variables 1
z =X é_edu_t-Ts 3

=10 9F gz 0= ma 1

L L T, fs 1

and substituting into the original problem statement we can rewrite the ]

problem as follows:

o b
o ende

(=]

u- = - Hu@ x =1 where: H = —%
? u=1 @6=0
b Using a separation of variables technique [70] the analytical solution
for the above problem was found to be
o © sin AN Aﬁ 8
u (x, 0) = i AN <in 2 AN] cos AN X e
2
where:
‘ AN tan AN = H
!
! The first five roots of the equation for H = 2 are found in Table C~1 of
~ Reference 70 to be

M

- N
1 1.0769
2 3.6436
\ 3 6.5783
4 9.6296
- 5 12.7223
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A series expansion of the above solution using the first five

terms proved unsatisfactory in meeting the boundary conditions due to the slow
damping observed in the later terms of this series. For a more accurate
solution a further expansion of this series appears to be necessary. Rather
than continuing this series solution approach, a finite difference solution was
developed under the assumption that the model wall could be approximated by a
thin rectangular slab with 1-dimensional heat transfer (a nodal representation

of this problem is shown in the figure below).

Finite Difference Solution

o\

A®
kel e {
K K
K" d }
] = - —
o N E I I T N X
-——-4 -——‘li

The computational form of the above problem statement is [71]

(uz) = (uzz)
0. xx’ .
i,k J,k
where: j is the spatial locator in the model wall and k is the time indicator.
Using an implicit solution method (Crank Nicolson) we can say that
the time derivative of u at some incremental time k+0 can be approximated

by the average time derivatives at k and k+l, or

(uz) + (ugy)
ikt Vi

(u§) = 3
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Substituting for (ugz) and (uz) in the above equation gives i
o7, 0.
joktl ik
O O |
(ug) = L= . (D-0)
( J’k+e b
, |
, '1_
But, from Crandall [71] the computational molecules for (u;;) and
el (u;;) can be written
. i k+1
f
b 1 Y-l T 2k Yk X
! (uz2) = 2 —2 2 (D~1) g
L ik (Ax)? ’
L and
0 4 u. - 2u, + u,
(u;;) - _J=1,kt1 -J,k+1 j+1,k+1 (D-2)
J,kt1 (Ax)2

Substituting Equations D-1 and D-2 into Equation D-0 and noting also that

(uz) - _d,ktl  j,k
8. . . =
j,k+0 AG
gives
, R N N N s T N I T N B s Lo
! -
i Y] 2 (ax)?

T By defining P , the general nodal equation can be written,
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following rearrangement as

P P
(14 P) uy peq = 3 Y5o1,k61 ~ 2 Y541, k41
GENERAL
NODAL
b R EQUATION
= -B) uy P8 T Yk

In a similar manner the boundary conditions can be written in nodal

form as follows:
at x = 1 u-). = - Hu,
—_— ( X)J,k ik

where j =N

The computational molecules are (from Crandall)

- +
UN-1,k T N1k i

2 Ax uN,k

and

TUN-1,k+ 1 7 UN+1,k 41
2 Ax

= - Huy e

Solving for uN+1,k and uN+1,k+1 from above and substituting into the

general nodal equation for j = N, we get

S Puy ey * (1P PARH) uy gggﬁgION
AT

-:1
N-1,k X

= (1 - P - PAxH) ug  tPu

at

x
1
(=2
(=3
1]
—

NODAL EQUATION AT x = 0

The above nodal equations can be expanded in matrix format as shown iu

Figure D-2 with N = 10.
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A Burroughs B7000/B6000 series computer was programmed to solve this

problem for values of H varying from 0.1 to 40.0 (range of values expected
over the hyperbaric conditions under investigation). Solutions to this
problem are shown in Figures D-3 and D-4 at various times after the initi-
ation of gas flow adjacent to the model wall. All solutions were seen to be
stable with no oscillations. As can be seen in these figures, the wall
surface adjacent to the gas stream cools quite rapidly for values of H in
excess of 2 (estimated value of H for air flow at surface conditions).
These findings emphasize the need to have temperature monitors on the inside
wall surface during testing with the upper track model so actual wall temper-
atures can be recorded. On the other hand, these finding demonstrate the
acceptability of the assumption made during lower tract testing (pipe model)

that wall temperature is equal to bath temperature (H was less than 0.05).
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FIGURE D-4: TEMPERATURE DISTRIBUTION IN PLANE WALL WITH VARIOUS VALUES
OF CONVECTIVE COEFFICIENTS AT ONE WALL
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APPENDIX E

EVALUATION OF SCHMIDT NUMBERS FOR HIGH PRESSURE GASES

In order to obtain approximate values for the dimensionless Schmidt "i

number (Sc = 6%_ ) it will be necessary to determine the diffusion coefficient
v

for binary mixtures, Dv’ as a function of temperature, pressure, and composition.
Since experimental measurements of Dv are quite limited it will be necessary

to calculate values from equations developed primarily from theory with
constants adjusted from limited experimental data. Slattery and Bird [75]

have developed the following equation for estimation of Dv at low pressures

from a combination of kinetic theory and corresponding-states arguments:

Pt Dv =a ( T ) b
(Beypep? (g1 12 (%1+ %2)1/2 TeiTer
where:
PCl’ PC2 are the critical pressures of components 1 and 2, respectively
(ATM)
TCI’ TC2 are the critical temperatures of components 1 and 2, respectively
(°K)

2
(gm/gm-mole)

Ml, M, are the molecular weights of components 1 and 2, respectively

Pt total ambient pressure (ATM)

T ambient temperature (°K)

D, diffusion coefficient, (cm?/sec)

(175)
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For Hy0 with a nonpolar gas, a and b were found to be the following
a = 3.640 x 10-4
b = 2.334 .

This equation has been found to agree with experimental data at atmos-
pheric conditions to within 8 percent [75]. It shows that Dv is inversely
proportional to pressure and increases with temperature. Experimental data
has shown that at high pressures Dv no longer varies inversely with pressure.
However, due to a lack of other data sources, we will assume that the above

relationship holds for pressures encountered to 610 metres of seawater

(2000 feet) for these estimates.

Table E-1 tabulates the needed properties for the above calculations
for gases normally encountered in diving. An estimate for the diffusion

coefficient for water vapor-air at 1 ATM and 25°C can be made as follows:

(PC1902)1/3 = (218.4 x 36.6)13 = 19.96

5/12 _ 5/12 _
(TeqTey) = (647 x 132) = 113.44
1/2 1/2
11 R 1 _
(ﬁ; * EF; = (go1 * 28977 = 0-3001
b 2.334 i
a(—X ) = 3.640 x 1074 (25 * 273 = 3.81 x 1072
VT T, 647 x 132
therefore:

(1.0)D = (3.81 x 1074)(19.96) (113.44) (0. 3001)
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D =0.259 % (1.003 £
v sec hr

TABLE E-1

CRITICAL GAS PROPERTIES [61, 76]

Molecular
Substance Weight Tc, °K
H20 18.01 647
He 4.00 5.26
02 32.00 154.4
Air 28.97 132

177

Pc, ATM

218.4
2.26
49.7

36.4

This value agrees nicely with an empirical equation for the diffusivity

of water vapor in air developed by Spaulding [77]. For temperatures up to

1093°C (2000°F) he found the following expression for mass diffusion for

water vapor in air as

0.000146 72+

v P, T T ¥ 441

where

D has units )
v hr

T has units °R
Pt has units atmospheres

For 1 ATM and 25°C (537°R)

2.5 0 0
D = 0.000146 337" = 5 998 £ (0.258 <™
v hr sec

278
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Similar estimates can be made for the diffusion coefficients of water
vapor in other gases and ambient conditions using the critical properties in

Table E-1. Several of these estimates and the corresponding Schmidt numbers

are shown in Table E-2.

TABLE E-2

ESTIMATES OF DIFFUSION COEFFICIENTS AND SCHMIDT
NUMBERS FOR VARIOUS WATER VAPOR/GAS MIXES

Air @ 25.0°C (77°F) p=1.83x 1074 gm/cm-sec
P, ATM Density, gm/cm? Dy, em?/sec Sc
1 1.17¢ x 1073 0.259 0.60
4 4.742 x 1073 0.065 0.59
8 9.388 x 107> 0.032 0.61
Helium @ 25.0°C (77°F) g=1.997 x 10_4 gm/cm-sec
P, ATM Density, gm/cm3 Dv’ cm?/sec Sc
1 1.63 x 107% 2.12 0.58
4 6.56 x 107 0.53 0.58
8 1.21 x 1073 0.27 0.62

From this investigation, based on the assumption that the inverse rela-
tionship of the mass diffusion ccefficient to pressure applies throughout
the pressure range of interest, we can see that the Schmidt number is fairly
constant at a value of 0.6 for the gases normally encountered in diving.
This value is pleasingly close to the Prandtl numbers for these gases, Pr =

0.7; a condition which supports the similarity between the temperature and

partial pressure profiles.
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APPENDIX F

CALCULATION OF FRICTION FACTORS IN

UPPER TRACT MODEL

A convenient method of relating pressure drop in a flowing fluid system
to mass flow is through a dimensionless quantity called the friction factor,
f. This friction factor is actually a dimensionless pressure gradient as
defined as follows [65]

ﬁpvavg

For steady, fully developed flow systems such as conduits, theoretical
values of f can be determined by calculating the pressure gradient in such
systems from the known velocity profile. For systems in which fully devel-
oped flow may not be present, as in flow around objects or through curved

passageways, we can define an analogous factor as

e D
L %pvavg

f =

where
AP is the measured pressure drop across the system.
L is the flow length across the system.

Dt is the characteristic diameter (trachea).

(179)
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In these non-developed systems there are contributions to f owing to both
friction drag, as in the case of fully developed tube flow, and '"form drag"
[61]) owing to the dynamic effects of flow around bluff objects. Under these
conditions in the Chilton-Colburn j- factors, jH and jD, will be less than
f/2 due to the additional component of f owing to form drag. This is aptly
demonstrated by calculating friction factors from the data collected on the
model of the upper respiratory tract and comparing these values with the

corresponding j- factors.

From measured data of head loss through the upper tract model, Figure
F-1, corresponding friction factors are calculated for the model as defined

by the following [69]:

Dt 2

f=h GO G

where:
_ AP - 2 2
hL =5 8, = head loss, (ft</sec?)
Dt’L = diameter and length (characteristic), (ft)
V = mean velocity at diameter Dt’ (ft/sec)
.. _ lbm - ft
8 © 32.2 Ibf -sec?
D
_AP Tt 2
=g, () G
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The above calculation was performed for data collected during nasal
breathing/exhalation as seen in Table F-1 and compared with the Chilton-
Colburn j- factors in Figure F-2. As anticipated, the quantity £/2 is
significantly higher across the range of Re than either jH or jD. This is
due to the added component of form drag to the calculated drag coefficient,
which has no counterpart in heat or mass transfer. The contribution of this
form drag component can theoretically be determined by subtracting jH from
the calculated f/2 value since

£/2 = f/2

form +£/2 friction total

But

£/2 friction = jH = Jp

The results of this comparison emphasize that jH < f/2 for any system
which flows in curved, rather than straight, streamlines due to form drag.

Under these conditions the Reynolds Analogy, i.e.

Nu

RePr ~ 2

| =

will not hold. This has also been shown to be the case for flow around long
circular cylinders [61, 78]. However, as in the case of the circular
cylinder the equality of the Chilton-Colburn j- factors, jH = jD’ would

still hold for the respiratory system.
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TABLE F-1

CALCULATED FRICTION FACTORS FOR HUMAN NASAL TRACT

Pressure
Drop

1b/ft2

0.2046
5.9334
9.2070
13.0944
25.5750
48.4902
9.0024
3.4782
20.0508
1.4322
51.9684

.6828
.1610
.2990
.8184
.4552
.2276
. 0460

N=NOWNW

4.5012
13.9128
31.9176
43.7844
49.7178
57.0834

3.6828
19.6416
88.1826

Flow
Velocity

ft/sec

8.2251
17.6969
22.1752
26.4370
37.0702
49.1273
21.2270
12.9593
31.8602

7.8346
50.2887

25.2723
36.6404
51.3648
10.9350
20.6234
14.5112
18.5991

5.1673
9.2585
13.9501
16.1450
17.2638
18.2546

2.1522
13.9928
31.7749

Calculated

(=N NN NeReoNe NN Nelol

bk ek ek pd b ek bt ek ek N bk et e

QO s

f

.1396
.8744
.8641
.8647
.8589
.9273
.9221
.9558
.9116
.0768
.9484

.9232
L7791
.6813
.2828
.9254
.9445
L9727

. 1404
.0979
.1095
.1363
.1284
.1588

.6278
.0886
.9478

Re

2051.
4414.
5531.
6595.
9247.
12255.
5295.
3232.
7947.
1954.
12545.

799

1158.
1624.
345.
652.
459.
588.

8926.
.8421

15993

24098.
27890.
29822.
31534.

2092.
13604.
30892.

8523
7152
8985
0640
6580
4590
3666
8745
9606
4568
1900

.4052

9975
7551
8935
3512
0120
3199

4002

4467
0414
6779
2797

4787
3015
7691

Air
Surface

He
Surface

200 ft

He
1000 ft
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APPENDIX G

RESPIRATORY HEAT LOSS CALCULATIONS

In the classical method, heat and moisture transfer from the respira-
tory tract are calculated from a simple energy and mass balance between
inspiratory and expiratory gas conditions. Although such an analysis gives
no information concerning the heating and humidification of the breathing
gas as it progresses through the respiratory tract, it does give an overall

assessment of the heat drain on the body through this exchange mode.

Three components must be considered when performing this energy and

mass balance as indicated by Figure G-1:

a. Sensible heat associated with the temperature conditioning of the
dry breathing gas.

b. Sensible heat associated with raising the temperature of the enter-
ing water vapor to body temperature.

c. Latent or insensible heat associated with the vaporization of added

water during gas humidification.

PRPUPP
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FIGURE G-1. HEATING AND HUMIDIFICATION OF RESPIRATORY GASES

a. Sensible Heat Added to Dry Gas

QSD = RMV - pge Cpge Te - RMV - pgi Cpgi Ti

Where

(PA - PH20) + 144

- 3
p8 = TR , lbm/ft

gas specific heat, BTU/1bm-°F

gas temperature, °R

flow rate, ft3/min

partial pressure, lbf/in2

g o
x -] -1 g
1]

gas constant, ft~1bf/lbm-°R

o
-
n

exit and inlet conditions, respectively
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b. Sensible Heat Added to Entering Water Vapor

Qgy = RMV « p, * W, « Cpy , (Te - Ti)

Where

_ mass of water vapor

mass of dry gas = humidity ratio

Assuming that both the dry breathing gas and the water vapor behave as

ideal gases, we can express the humidity ratio, W, as

PUSSII

PuooV R T Pmpo R

w-_- -g = -___g._
VTR TRy

However, since

R = Ru/M and PH20 = ¢Pv
where
M = molecular weight, lbm/mole
Ru = universal gas constant, ft-lbf/mole - °R
¢ = relative humidity

the humidity ratio can be written as

gp_ M50

8

c. Latent Heat of Vaporization

As the respiratory gas is being humidified, latent heat is being

added according to the expression

Q =RMV - p - (Ve -Wi) - h

fg
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hfg = latent heat of vaporization, BTU/lbm

As previously shown, this expression can be simplified by using the

definition of the humidity ratio to give

MH20 q>Pve B QPV
QLzRMV.pg-_Mg_.h

i
fg PA - ¢Pvi

It was assumed above that the expiration gas was saturated with water

vapor.

Gas Properties

It should be noted from the above expressions that it is necessary to
be able to measure or predict the following quantities in order to calculate
the total respiratory heat losses at given inspired temperature and respira-

tory minute volumes:

1. Expiration temperature.

2. Vapor pressure at inspiration and expiration temperatures.

3. Gas mixture properties (molecular weights, specific heats, gas con-

stants, etc.).
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a. Expiration Temperature

Several investigators [3, 4, 6] have proposed empirical
relationships to predict expired temperatures as a function of inspired

temperature. Among others, the following have been proposed:

Te = 24.4 + 0.32 Ti (Goodman [4])
Te = 29.3 + 0.09 Ti + 0.004 Ti? (Hoke [6])
Te = 29.0 + 0.2 Ti (Webb [3])

Each of these expressions was derived from similar experimental trials
in which Te and Ti were continually monitored at various hyperbaric environ-
ments. During each of these investigations the results at preset conditions
were evaluated and their results extrapolated over the range of operational
conditions that a diver might see. It is interesting to note that each of
these investigators observed no significant variation in expired temperature
over varying depths of exposures, respiratory minute volumes, or exercise

levels.

b. Vapor Pressure

Values for water vapor pressures at varying ambient tempera-
tures are found tabulated in any table which presents the properties of
saturated and super-heated steam. However, for calculation purposes it is
desirable to be able to express vapor pressure as some known function of

temperature. Smith, Keyes and Gerry [67] offer one such expression as
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218.167 _ X 3.2437814 + 5.86826-10 X + 1.1702379-1078%3
log,y =5 T -3
v 1+ 2.1878462-107°X

where

>
"

(647.27 - T)

T has units of degree Kelvin and Pv has units of atmospheres
This expression can be solved iteratively for Pv at any temperature for
use in the respiratory heat loss calculations above. As shown below, this

above expression shows close agreement with tabulated values of Pv'

Saturated Vapor Pressure, PSIA

Temperature, °F Steam Tables [68] Smith, Keyes, and Gerry [67]
35 0.099 0.099
40 0.122 0.126
50 0.178 0.179
60 0.256 0.259
70 0.363 0.365
80 0.507 0.506
90 0.698 0.699
100 0.949 0.947

c. Gas Properties

Due to the narcotic effects of nitrogen and the toxic behav-
ior of oxygen as depth increases, it is necessary to alter the respiratory
gas mix of divers at varying depths. This mix variation will affect signifi-
cantly the pertinent gas properties which are necessary to calculate respira-

tory heat loss such as specific heats, gas constants, and the apparent gas

molecular weight.
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The specific heat of a mixed gas can be calculated as weighted average
(weighted by component molecular weight and percentage of mix volume) of the

specific heats of each component [66].

C C
_ Xa - “a - Parxp . Mb B

C —
Xa * H_+Xb - M+ -

P

mix
Where: a, b, etc., are the components of the gas mix, and X is each components

mole fraction.

In a similar manner the gas constant of a gas mix is calculated as: [66]

R _xa.Ma.Ra+Xb.Mb.Rb+....
mix Xa M +Xb « M+ - -
a

And finally, the apparent molecular weight of the gas mix is calculated

as:

M. = Xa-Ta+xp T+
mix

Using the above methods and expressions for the mix gas properties at
inspiration and expiration, the total respiratory heat losses can be calcu-
lated for various depths, inspiration temperatures, humidity levels, and gas

mixtures as:

Qror = Qp * Qy * Q-

A Hewlett-Packard 9830 Desk Computer was programmed to calculate respira-
tory heat losses using the above methods (a program listing called "RHL" is

given in Appendix 1). A plot of typical results from this analysis is seen

in Figure G-2.
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Observations

As previously known, respiratory heat loss increases nearly linearly
with pressure due to the increased gas density. It can also be seen that
latent heat, although approximately constant with depth, plays a rapidly
diminishing role in total heat loss as pressure increases (latent heat 70 to

90 percent of total at the surface compared to 6 to 18 percent at 30 ata).

The humidity level of the inspired gas plays a relatively minor role in
. the total respiratory heat loss at low inspiration temperatures. Conversely,
the humidity level of the inspired gas shows a significant inverse relation-~

" ship with respiratory heat loss as the diver's gas temperature is elevated.

A comparison of the products of gas density and specific heat for air
and a 79 percent He/21 percent 0, mixture shows that air would consistently
cause a higher heat drain on the respiratory tract than its He/0, counterpart.
The high heat losses associated with heliox mixtures at elevated pressures
would in fact be surpassed by air, if air were a breathable mix at high

pressures.
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APPENDIX H

REYNOLDS ANALOGY

The transport of momentum and the transport of heat in a fluid can be
shown to have similarities under many conditions. This observation has led
to a useful means of determining the heat transfer characteristics of many
fully developed flow systems from available friction factor data, a method
referred to as the Reynolds Analogy. The following gives a brief derivation

of this analogy.

As a first example in this derivation, we can look at the simple case
of flow over a flat plate (assume constant properties, no viscous dissipation,
and no buoyancy forces). Under these conditions, the momentum and energy

equations for laminar flow can be written [65] as

- - 9u 2]
Rl e (H-1)
x dy dy?
and
- 9T - 37 27
s
ax d dy?
where
T-T
u=3 Tss—m x=7%
v, T -T L
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At the wall (y = 0), u =T = 0; and in the free stream (y = ®),

The above two equations, having the same boundary conditions, will have
identical solutions for the dimensionless temperature and velocity profiles
provided that Pr = 1 in Equation (H-2). Under this condition we can equate

these dimensionless profiles at the wall to get

3y wall 3y wall

or in dimensional terms

L aT L du
- 5= = o a (H-3)
Ty = T 3y ) wall Voo 3y ) wall .

But we know also that the heat flux and shear stress at the wall can be

written as

9/A = h(T - T,) = -K ——) . (H-4) |
wa
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| and

=p -
Tvall = ¥ 3y )wall (H-5)

By substituting the temperature and velocity profiles at the wall from

Equations (H-4) and (H-5) into Equation (H-3) we obtain

11 L [_ h(Tw' Too)j___ L [:twall]

N or

= ¥ (H-6)

A dimensionless coefficient of drag is defined in Reference [69] as

T
. Drag/Area _ W
¢ = Tyovz %pVZ

o

Substituting this coefficient into Equation (H-6) and solving for the

ca— - — e

convective heat transfer coefficient, h, we can obtain
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However, since pCP/K is the dimensionless Prandtl number which we initially set 4

equal to 1, we obtain the form of Reynolds Analogy

’ h £
| - = -
.G T 2 (H-7)
fﬁf where the dimensionless group, h/meCP, is the Stanton number.
?4
:'3 In the case of turbulent flow over the same flat plate the Reynolds
A

Analogy can be shown to also be valid provided certain other conditions are

met. Under turbulent flow conditions the total shear stress on the fluid

153
. . .
N W

is made up of the molecular stress shown in Equation (H-5) and an additional

stress due to eddy currents [65]}

Teddy _ . u
P~ M3y

M is the eddy diffusivity of momentum
|

u is time-smoothed velocity

where: ¢

i The total stress can thus be written as

1
total _ du -
- ——-———p = (v + CM) 3y (H-8)

[}
b

where v = £ = kinematic viscosity or the molecular diffusivity of momentum.

o

_ 4
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Similarly, the heat transfer relationship given in Equation (H-4) must be

modified to include the additional turbulent flow component as

! : = - oT
; (a/A)¢oea1 = = (K + PCpey) 5o

or

L ]
o ;
1 . {
rs (q/A) i
* total _ _ aT - :
3 e, =@ty 5 (H-9) |
B :
Er ‘ i
» |
f\: where: o = 6%— = the thermal diffusivity of heat (molecular) ;
N P ;
: ;
ey = eddy diffusivity of heat l

. pmr

' T is time smoothed temperature.

4 Kays [64] notes that, with the exception of near the wall where the 1
flow will be laminar, the eddy diffusivities (8M and eH) will be much greater
than their molecular counterparts. Also, unlike the molecular diffusivities,

the eddy diffusivities are not fluid properties, but they vary with the flow

parameters and from point to point in the flow stream. However, the funda-
! mental assumption made by Reynolds was that these turbulent diffusivities

are equal at each point in the flow, or .
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By defining an analogous turbulent Prandtl number, Prt as

™

M
Pr, = —
t SH
we see that Pr, = 1 in all cases based on Reynolds postulation. Thus,

t

as long as v=a (Pr = 1)

and the dimensionless, time smoothed temperature and velocity profiles will
be identical. Under these conditions the equality given in Equation (H-3)
for laminar flow can be made at any point in the turbulent flow stream and

the previous results, St = Cf/2, will still apply.
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PROGRAM LISTINGS

Program

Data Acquisition - Lower Tract
Data Reduction - Lower Tract
Data Acquisition - Upper Tract
Application

Finite Difference

RHL

APPENDIX 1

Language

Basic
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FINITE DIFFERENCE SOLUTION

S50 $RESET FREE )
S5 FILE S=RHLDATA,UNIT=DISK,RECORD=14,RLOCKING=30
60 FILE 6=P,UNIT=PRINTER

100
200
300
400
500
600
700
800
200
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2360
2500
2700
2800
2900
3000
3100
3200
3300
3400
3500
3700
3800
4500
4600
4700
4800
4900
S000
S100
5200
Sann

ra

DIMENSION A(14,81),T(44),IR(14),JC(14),R(L1)
READ/ ,DTHETA,H, TMAX,N,IND,EPS

Ni=N+14

READ(S,/) (T(I),I=1{,N1)

DUMN=N

DELTAX=1.0/DUMN

P=DTHETA/DELTAXXX2

NCOUNT=1{

COUNT=0.0

WRITE(S,2)

FORMAT (1H1,20X, ‘SOLUTION OF $~-DIMENSIONAL, TRANSIENT HEAT TRANSFER
1 PRORLEM‘’///)

WRITE(6,3) H,DTHETA, TMAX,DELTAX

3 FORMAT(20X,’H=’,F5.1,5X,  DELTA THETA=',F7.3,5X, ' TMAX=',F5.2,5X,’'DE

60

S0

1LTA X=',F6.3,//)
WRITE(6,60)
FORMAT(7X, TAU’ ,BX, T(4),8X, T(2)’,6X, T(3),6X, T(4)’,6X, T(5)",
16X, TCO) ,6X, T(Z) 7 ,6X, T(B)*,6X, T(9)*,6X, TC40)7,6X, T(11) %)
DO S0 I=1,Ni
DO S0 JF=1,Nt
ACI,T)=0.0
CONTINUE
ACL,1)=1.0
N2=N
DO 400 I=2,N2
IMi=T-1
IP1=I+1
DIMi=IM1
DIPi=IP1
ACT,IML)==P/2.0
ACI,I)=1 +p
ACL,IP1)=-P/2.0
CONTINUE
ACNE ,N) =P
ACNL,NL)=1_ 0+P+PXDELTAXXH
CALL ELIM(A,Ni,Ni,IR,JC,IND,EPS)
WRITE(6,140) COUNT,(T(I),I=f,Ni)
FORMAT(/,SX ,F8.3,5X,11F10.6)
COUNT=COUNT+DTHETA
NCOUNT=NCOUNT +1
NSTORE=NCOUNT~1
B(1)=T(1)
DO 150 I=72,N2
TMi=T-3

Bk
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70
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15

75

DIMi=IM1

IPi=1+14

DIPi=IP4

B(D)=(P/2 IXT(IML)+(L -PIXT(IXY+(P/2 0)XT(IPYL)
CONTINUE
B(NL)=PAT(N)+ (L ~P-PXDELTAXKH)XT(NL)
CALL FORW(A,Ni,IR,JC,E)

CALL BACW(A,Ni,IR,JC,B)

DO 200 I=4,Nt

T(IY=K(I)

CONTINUE

WRITE(H,140) COUNT,(TC(I),I=41,N1)
IF(COUNT.GT.TMAX) GO TO 500

GO TO 125

WRITE(6,1000)

FORMAT (1H1L)

STOP

END

SUBROUTINE ELIM FOLLOWS

SUEROUTINE ELIM(A,P,N,IR,JC,IND,EPS)
INTEGER N,P,IR(N),JC(P),X,Z,IND
REAL A(N,P),EPS,M

DO 10 J=1i,N

IR(T)=T

CONTINUE

DO 15 J=1,P

JC(I)=J

CONTINUE

L=P~-1

IF(P LT N)L=P
DO S00 K=1,L
IFCIND . EQ.0) GO TO 450
IFC(IND .EQ.2) GO TO 450

IND=1; THE FOLLOWING IS A PARTIAL PIVOTING SEARCH ON THE COLUMNS

X=K+4
DO 75 J=X,N
IF(ABS(ACIR(K) ,K)) .GE.ABS(ACIR(J) ,K))) GO TO 75
IMP=IR(K)

IRK)=IRCI)

IR(I)=IMP

CONTINUE

IFCABS(ACIR(K) ,K)) LT .EPS) GO TO S00

GO TO 450

IND=2; THE FOLLOWING IS A TOTAL SEARCH ROUTINE

S e A
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‘ 150600 150 X=K+i

11100 1TR=K
11200 J=K )
11300 1S54 DO 200 I=K,P ;
11400 IF(ARS(ACIRCITR) ,JC(K))) .GE.ABSCACIR(I) ,JC(IY))) GO TO 200 |
11500 ITR=J
14600 IMP=JC(K)
11700 JC(K)Y=JCCI) {
11800 JCCI)=TMP
11960 200 CONTINUE
12000 J=J+4
12100 IF(J.GT.N) GO TO 3%0
12200 GO T0 151
12300 350 IMN=IR(K)
12400 IR(KI=IR(ITR)
12500 IRCITR)=IMN
12600 IFCARS(ACIR(ITR)Y ,JC(K))) .LT.EPS) GO TO S00
12700 C
12800 C THE FOLLOWING CALCULATES COEFFICIENT MULTIPLIERS FOR THE REDUCTION
12900 C
13000 4S50 IF(K.EQ.P) GO TO S00
13100 X=K+1¢
13200 DO 480 Z=X,N
13300 M=ACIR(Z) ,JC(K)I)I/ACIR(K) ,TCCKY)
13400 IF CAKRS(M) .LE .EPS) M=0.0
13500 ACIR(Z) ,JCIK))I=M
13600 DO 470 J=X,P
; 13700 ACIR(ZY,JCCINI=ACIR(Z) ,IC(I))-MRACIR(K) ,TJCCTY)
; 13800 IF(ARS(ACIRCZ) ,JCCT))) . LE EPS) ACIR(Z),JC(I))=0.0

13900 470 CONTINUE

14000 480 CONTINUE
14100 S00 CONTINUE

14200 IND=0

14300 PO 6400 K=1,P

14400 IFCARS(ACIR(K) ,JCC(K))) . GT . EPS) IND=IND-14
145900 600 CONTINUE

14600 1500 RETURN

14700 END

14800 C

14900 C SUBROUTINE FORW FOLLOWS

15000 €

15100 SUEROUTINE FORW(A,N,IR,JC,B)
15200 INTEGER N,IRC(N) ,JC(N>,X

15300 REAL A(N,N) ,B(N)

15400 DO 40 I=2,N

15500 SUM=0 .0

15600 l=1~1

15700 DO 30 K=1i,L

15800 SUM=SUM+ACIR(I) ,JCCKI IXB(IRCKY)

15200 A0 CONTINUE
16000 AT T A Y B TR T V) Gl IM
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16100
16280
16300
16400
16500
16600
16700
16800
16900
17000
17400
17200
17300
17400
17500
17600
17700
17800
17900
18000
18100
18200
18300

o000

40

650

680

700

CONTINUE
RETURN
END

SURRQUTINE. KACW FOLLOWS

SUKROUTINE BACW(A,N,IR,JC,Y)
INTEGER N,IR(N),JC(N),X

REAL ACN,N),Y(N)

K=N

X=N+1

L=K+1

SUM=0.0

IF(L GT.N> GD TD 700
SUM=SUM+ACTIR(K) , JC(LYYXRY (IR(L))
L=bl+1

GO TD 680

YCIR(K))= (Y CIRCKY ) ~SUM) /ACIR(K) ,TC(K))
K=K~4

IF(K.LE.0) GO TO 7%0

GO TO &S50

RETURN

END
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TEST MODE

Nasal/Exhalation

1"

Nasal/Inhalation

"

Oral/Exhalation

UPPER RESPIRATORY TRACT
INDEX TO TEST DATA

DEPTH,FT GAS TEST FILES
0 Air 0-10
0 He 27-33
200 N2 34-39
1000 He 54-57
1000 N2 58-62
0 Air 11-19
0 He 20-26
200 NZ 40-43
200 He 44-47
1000 He 48-50
1000 N2 51-53
Air 63-71
He 72-77
124-128
200 NZ 104-109
200 He 110-116
1000 He 117-119
1000 N2 120-123
0 He 78-83
4] Air 84-93
200 N2 94-98
200 He 99-103
1000 N2 129-134

1000 He 135-137
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IEST HO @ HASAL FHALATION :
] LHETATR DEFTH rFober w.i FLOW ¢LbM: 15,1 :
! EATH TEMPERAIURE.C)h: 44,2 FRESLURE TROF CM HEOX: 0,1 1

TMALLY  TWALLZ  TWALLE  TWALL4  TWALLS  MEAH i
41,9 42,49 42,8 43,3 44.1 4:.1

THRESALL THASAL S MEAH
41.3 42,2 421

FTRACHEAL TTREHCHERZ MEAH

- ! = -
SR W el Pk )

L MEAH YELOCITYWOCM-SECH: Z5A.7 REVHOLIG Hio: Joda, 2

:”f UTHARLLCC»: 4, 3 DToCrs =03 HUZ=ELT HO: 14,4

= ' L R R e I e R R R AR R R R L
1
. A

m

* TE2T HD 1 HH%ZHL = =HALAT LOH

’ BHOSHIRE DEFTH b3k @.¢ FLOW ¢LFMe: 41,1
EATH TEMPERHITUEE (3 44,5 “FESSURE DROFPCCH HzOx: 2,4
THALLL TWRLLE THARLL 2 THALL S THARLLS MEAH

- YU 4505 43,5 43,8 44, 4.1

0T

FHALFL THRSAL: ME AN !
) 40,5 41.1 Fr |

PTRECHEHL TTREHLHEHS MEHH ‘
adt od, 24,1 ‘

MERHD VMELOC T ovolph SEC 0 Siw, 4 RESHOLDES Hos Jd40s, 8
UTHALLC s S, B GTodxs ey HLPSSELT MO 28,1

R R R O o R b R IR SR S B N R A A R I R R A R IR S R

fE=1 Hi 2 HA%AL. E-HALAT IO
LHSEALE DEFTH vF=ks @B0A FLOW SLPMas 5105
GHTH TEMPFEFHATURE (0 44,8 FEESZURE DROPCCH H2O: 400
MeAL L1 THHLLZ TiHL LS TRt L 4 THALLS MEFH

33,4 45,7 3205 R 34.0 Gt

— ———

¥HﬁbHL1 THRZAHL . HEHH

i 4904 46, M R
1

‘ FTRHICHERL P TRACHERD MEHH
‘ 2o.a T A8

; MEAH YELOC Tt DB v w50 FEEVHOL Timo Hos s,

PUMEL AL s LT a7 ALERZCL T Hie o
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~ !
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ST T 1N HASHL EHALATION
bBHz AR DEFTH "FMr: .8 FLOW CLFM»: 51.4
BHIH TEMFERATURECC: 45,4 FREZSURE DROFCCHM H2O0: €04
THHL L1 THHLL.Z TWALLZ FEALL 3 THARLLS MEAH
AELT 4n,9 43,7 44,2 44.4 430K

=

THH:=AL L THRZAL HEHH_

i

1TFHIHEH1 TTFHIHEH MEAH
LA 2Z

v

e G S
MEAM YELO LY e DHASEC D 285,05 FEYHOLDE HX: 527, 4
NTHALLL D (1.6 DTeas V02 HUSSELT M 39,4

B R B O B o B T o o o S e S e O B b B b i R R R s

FEZT MO HAZAL ExHALATION

GREIAIRE DEFTH <FSMa: 6.8 FLOM CLPM»: 2601
BRTH TEMFERRTURECC: 48,3 FFE SURE DROPCOCH H200:
THHLI1 THALLE THALLZ THALL 4 THRLYLS MEAH

12, 6 44,2 44,1 44. 44,5 43.1

12.5

T

HERHM

—_— L
SEa

ITREHCHEHR I TTPHFHEH HERH
EAID Iz z 1.1

MERH VELGE T Dy ol SEC L (1o FESHOL T MO 9037, 3

| R N IR iy DTvCse Fad RLEESELT MO 5505

R B B IR Ak o o O S TR o I HE N o SRR N A A S R R A e A A ARt

ST OHD S HRERL EXHHLAT I0H
LH-THITF GEFTH «FSli: @0 FLOW (LPMY: 1141
EHIE TEMFT FATURE 005 46, 5 FRESSURE DROPCUM H2O0: 23.7
Pl LT THLLS THALLE  THALLY  THALLS  MEAM

ERY AT 44,5 45, 5 45. 0 43,4

PHe Hi | THRZALZ MEAH
Do AEL. R V. B

b MR TTRACHER. MEFHH
abd I kR

R L L R A D Frochissl e Hne b g,

b S B T Hil- b He fes s
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i S I P TV HHASZHL. FoeHALR T

GHLIHIR DBEFTH oWt a.u PLLW rLptios 4%, 3
EATH TEMFERATURE T 47,1 FReaslel DECE b HE2D o0 o4 o
TRt THALLS Tl L3 fwAl L4 THARLLS ME HH

1.2 EEN G4, 7 45,3 45, & A4,

IHAGHLL THAZAL MERN
41l 41.4 41,3

VTR HER ! T RHCHE . HE A
ERONE 55 I

L 25 e

MEHE YEL U DO S o e RETHAL LG HUE S, 2
ARSI R IR HUSEELT ai: 20,2

Frivt bttt trbdd ! bbditdttdbtttrttrtrritbttittttttititid bbbt ii

TELT Ho ¢ HAZRAL EaMHAL AT TN

LGARAZIATR DEFTH JF<i s mod FLOW CLPter 30,1
EATH TEMPERATURL vCs: 47,0 FREZTGURE DREOFG H2D e 10
TWALL THALLZ THALL S ThHLL 4 THARL LS MEAH

4.4 48,3 45,1 45, & 35, & DR

THhzAL L THRSALZ ME AN
4.4 43,6 3.9

FT6HiCHEF ) I VRHICHE #: I HH
AT L T

FIEAIH WELOU LDy m By o8 ik RMESHLE DS Moos o o lHla
DTHALL ST s BB DT v HUSOEL T MO 19,8

R R R I e A o k2 N NNUR S BN BRI U SO S O O T o S A SR AR S S O S ST S S S A

TE=T MO = ML O HHLHT Lird

GHZHRIR PEFTH cF W es i FLowd cikites 74,00
BATH TEMPESATLRE L0 47,00 FRESSURE TIROF 6 HED v 9,00
THWALLL TWHLLS THALL 2 PR LS THRLLS ME Rt

Ji, 0 45,5 35,2 39,2 JE. 4 B

FHASAL L THRSHL - HERH
461, 1 38, 411, 4

TTFACHER! P TRACHEN MERN
a0.4 AT R

MEHH WELOL U e WE v a0t FEVHOL e e o 2
DTHALL © 8 1200 N - A Huscsb b Hos o

R AR SRR N R I AR IR A I O o S R B N R R R R
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e TEMEE Stk oy 47,7
RCISTR A [iHl L THALLZ
4.9 AELT 45,4

HASAL

THALLA
CL

SHHaHL L THARZALZ
340 43,9

Vi HCHERT
4.7

TTREACHERZ
41.1

MUHH YEL AT T O S

ATHALLCD e 2053 DToCae 1,3

TE=T HD 18 HASHL
LHT I HLE LEFTH
EtH TEMFESARTIIRE 0 43,8
THHLLD TelRILLE Tkl L2

Mo Ao G de,d

CF M

WAL L

[

VHHEAL 1 THASHL
L e

i 1EHLHEH L [TRRALHEN,
L £l

FHE RN WEL L T SR

Poal

DTefss 2%

DTHRLL o
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VEST HO 2V
AT HEL TLHIM
B H TEMPERFRHTURE Gz
IR FuALL
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R

HASAL
DEET@ CFSks

THALLY
.4

PHiroHl .
G 44,4

VEH HEH TR O
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EHE SELv 0yt b

B
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[ HALAT LU
FLOM fLFM s 12,2
FPRESSURE DEOPoL M H2O: 807
THARLLS MERH
4.4 45,0

MERAN
44,0

MEAH
42,7

HO: 1459206

FEVHOL DS
HUSSELT HO: 7.2

3

P R R R R A e e N T TR R RN R L AR L SR

EAHALATION

i FLOW cLFR»s 11,8
FRESCSURE DROFPCCH HED: 25.4
THALLS MERN

E T 5.1

fIERH
9.1

HEAH
£

FEYHOL DS MOz [7531.68

HUSSELT HO: e, 6

T R S LR L T T T o e T R e S AR R L SR L LR RS

EXHALATION

FLOM CLEM2: 92,7
FRESSURE DROPCH H200: 1,0
THALLS MEAH

I S1.4

MEANH

3,

1 Fitd
AL

e HuL e N

vt LSBT Hs Ly

[ A O A I TR I N R B AR R RN R DR OE R RERE IR R IR A |
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ST HO Z& HASAL E-HHLATION

LASSHEL IUM DEFTH JFal: @@ FLOW CLPIM: =551
BATH TEMPERATURE«C:: 52,3 FREZSURE LDROPCCHM HZD»: 3.5
THHLL1 THALLZ THARLLS THALL 4 THALLS MERH

48,7 51,2 91,3 91.3 52,9 S51.1

THREAL 1 THRSALZ MERN

N 48,7 43,4
TTRACHEA] TTRACHERZ HERN
43,1 39,4 43,1

MEAH WELDCITW CHMoSEC:: 1116.,5 FEVHOLDE HWOs 1157,7
DTHALLEC: 2,8 DTeCH: 5.3 HUSSELT MHo: &9

SRRl e i L e L R e R R L R R L R T T S

TEST HDO 29 HASAL EAHRLATIOHN

BASSHEL TN DEFTH <F5W»: B.6 FLOM <LPM>: 119,32
EATH TEMPERATURE C2: 52,3 FEESSUREE DROFCCH HZO0» 0 £.5
THRLL1 MRAHLLE THRLLZ THALL 4 TWALLS ME@N

47,7 S1.2 S1..3 51l S2.8 L

THA™HL1 THAZAL:2 MEHH
7. 48,8 47 &

ERE HMERH

TTRACHER L TTRALC
€ 1.4

41. 4 £178
MERH WELQUITYCCHM-SEC T 1865.8 FESYHOLTZ HO: feoz,?
OTHALLCDY: 2,5 DTeCh: &2 HLPSSELT Huos 3.4

R R R R R R L L R R e L R L R e IO

TEST MO 30 HASAL EXHRLATIOH

LAZ:HEL TN REFTH CFSler 8.6 FLOW CLFM s 2504
EHTH TEMPEFRTURECx: 52,3 FRESWURE DROFTH H20x:
MdALL1 THALLZ THALLZ TWALLY THRLLS MEHH

49,9 S1.1 51,2 b I 52, ¢ 1.0

PRy

THR.ALL THA%AL S MERH
49,1 49, ¢ 49,

[TRHCHERAT TTRACHERS MEAH
48,3 45,9 4.

MERH YELOCTITYCOM-SEC s 335, 0 FEEVHOL D Hus 4t
HTWHLLOC s 2, 2 DTeins b, b E LTt e, 1

AR R R N R R R T T T i L R OO f
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TEZT HO =21 HASAL EXHALATION ]
GRS HELTUM DEFTH =Wt w.g FLOW fLFMa: 47,9 ;
BHTH TEMFERHTURECH: S2.3 FREZSURE DROPOCHM HZ0x: 1.2

THALL1 THALLE THALLZ THALL4 THWALLS HMERH

49,5 al.z2 1.3 51,4 52.5 51.2 ’
SHL THRSALZ MERH
) 49.49

e

3 TTEARCHERL TTEACHERSE MERAH
. 4e.8 44,3 46,49

1 MEAH WELOCITY OO SED s 62806 FEYHOLDS HO: B51.6

’ﬂpg OTHRLLIC2: 5,2 OTaCe: 2.4 HUSSELT HO: 2.4 ;
fy

e R R L L R R e AL AL SRR L SRS SRR

TEST HO = HAZAL EAHALATIOH

GHSHEL TUM DEFTH CF=W e 0.8 FLOW CLFMx: 33,7
BATH TEMFERATURE C»: 52,3 FREGSURE DREOFOTH H203: 8.5
THALLY THAHLLZ THWALLS THALL4 THALLS MEFAH

sS4 1 N 1.3 51,4 5207 S1.49

THHZRAL L THRIAL S MEFH
4,

. 42,5 49, & 1.0
ITHEACHEAL TTRACHEHR. MERH
4.8 47.3 4.8
MEAH YELOCITY COM-SECN: 494203 FEYVHOL DS HO: 458.4
DTUALLCC e 3.4 DTeCr: 1.6 HUSELT MO 1.%
R R R R R R LRl S RS s
FEST MO =3 HASAL EXHALATION
NHETHEL TUM DEFTH CFsle: G.6 FLOM cLPMrs 4302
Botit TEMFERHTURE Ch: 5203 FRESSURE DROFCCM H202: 1.8
FHF TWHLLE TWALLZ PFL LA THALLS MERM
R RAE TiLE gl Bl SE.W8 Pl

e b THHRLAL HERH
| P 4.4 4.4

che He vy FPRAUCHER, HERAH
Ao 45,6 qe. 4

RIS TRET o WUATS SEREN N R I TR FEVHOL DD MO e 7

(N ERTE T PR Livcve on dLSCEL T RO

L R IR T o o I o A e R R R A LR B I TR R NS R A A
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TEST HO 34 HASAL ExHRLATION
LHS S HITROGEN DEFTH “Foly: 204,08 FLOW CLPM2: 12.8

EATH TEMPERATURE.C»: S1.3
THALL1 TWARLLZ THALLZ THALLY

45.1 50,8 43.4 8.1
THAZALL THRZALZ
44.4 44,9

TTRACHER 1 TTRACHERZ

V.8 ag.H
MEAH WELOCITH CCM-SECH: 15705

DTHWALLCC2: 12,1 DTy 7.5

FRESSURE DROFPCCH H2O»: 2.2
THARLLS MEAN

S51.1 49,1
MEAN

44.5
MERN

a7.A

REVHOLDS His 2315,1
NUSSELT Hix: S1.4

O R L L T R A R R o o e A e R S

TEST HO 35 HASAL
GAS:HITROGEN DEFTH «FSWx:
BERTH TEMPERATURECC)»: 51.3

TWARLL1 THALLZ THWARLLZ THALL 4

41.2 561 4%.6 S8, 1
THARZAL L THRSALE

48,5 4z2.1
TTRHCHEA1 TTRACHEAZ
34.2 34,8

HEAH YELOCITYOCH SEC» s 282.%
DTHALLCCY: 14,2 DTecrs Vi

EXHALATION
286.8 FLOW “LFM>: 21.5

PRESSURE DROFCCM Hz20M: &,8
THRLLS MERN
S51.1 48.4

MERN
41.3

MEHH
KE I

REYHOLDE MOs 15373,8

MHUSSELT HD: V4.9

R L S R R L R e R R R L e A R A AR S 2

TEST NG 36 HASAL
GARZ:HITRIOGEN DEFTH <FSHu:

BATH TEMPERATURE (3: 51,4
THALL 1 THALLZ THURLLZ THAHLLY

39.2 5.2 49,6 49,49
THASAL1 THASALZ

8.3 48.1
TTRACHEA] TTRACHERZ
32.9 3.1

HEAH YELOCITYW.CM-SECYs 425,7
DTWHLLCCY: 15,1 DTeCod w3

288,08 FLOW CLPM»s 32

EXHALATION

4
FRESSURE DROPCCHM HZOx: 15.6
TWALLS MERH

S1.4 48,0
MEAM

29,2

MEAN

2.9

REYNOLDS HO: 24870.9
HUSSELT HO: 94.4

AR R D R L R RS S R A R R X R

I e,
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TEZT 0 oy HASAL ErHmL Bl 1oy

LAS:HITROGEH DEFTH a6, ¢ FLOW Lt 0
EATH TEMFERATURE(C3: 51,5 TRESSURE DR 1 Hen s 219
THARLIL1 THRLLE THALLZ TWALL S THALLS MEFH

40.a SR.3 49,7 b5 I 51,8 43, .

THA=ZAL 1 THAZALZ MEAH
HERL S 48, & Eh= I

TTRRCHERL TTFHIHEHh MERN

ol

MEAH YELOCITWOCH-SECY: 49201 FEHOE i Hue 2osEs 3

OTHALLCCS: 14,8 BT 6.1 HUSSELY HO: 1gg, 7

R o O e R I T T AP o A A A S e A e e e AR R e

TEST KO 28 HAZAL EXHALATION

GRZ:HITROGEN DEFTH CFZksy z2oD.@ FLOW dLPMa: 48,1
BATH TEMFERATUREC»: S1.4 FRESSURE DREOFCCM H20x: 24,73
TuALLl THALLZE THALLE THALLS TWALLS HEHH

1.3

T 58,2 49,9 5L 5 ¢

THRZAL:Z MEAH
R ae.l

TTREHACHER MEAH
2.6 3. E

MEHH WELTILITY COM-SEC s Sz, FEYHOLIY: MO osdar, 4
DTWALLEC s 15,7 DT S, MUSEELT HO: 184, 3

Fidtdttdttdttttttrdtttddbrtdtbtrtbbitbrttatd bttt bti v bbb ittt

TEST MO 39 HASAL EXHALATION
GRZSHITROGEN FEFTH CFSR s THG,E FLOW - LFMx: 42,4
EATH TEMPERATURE: [0 '1 ; FEEZZUDRE DROFCCM H2ZO0 0 27,0
THWALL1 TWALLZ THALL 3 [ROIRIN ] TWALLS MERH

e 49,7 r:.“. o _'1 B ‘4:.:.: .l

3.2 Sa.3

FNH HL1

HEAH
LA g

.13

TTRHCHER LTFACHEFRL MERAM

o
)

MEHH YELDC DY UM By o8 S56. g FESHILDE MO 31%aun, 2
BTHRLL O e o, 7 DT e g MUESEL T MO Twan

L R R AR R R R o B O R R B T R N R T R




A
Y

[
&
L
.

B

o

-

g

b ey g

- At el

TEST HO 549 HASAL EXHALATION
GAS:HEL LM DEPTH <FSWy: 19RG.4a FLOW CLFMI: 5.8
BATH TEMPERATUREC): S2.¢ PRESSURE DROPOCM H20x: 1.2
TWALL 1 THWALLZ THWALL3 THARLL4 TWRLLS HMEAH

53.7 53.7 S3.7 93.5 55.7 S4.1
TNASAL1 THRSALZ MERAH

45.8 47. 4 45. &

TTRACHER1 TTRACHERZ MEAH

39.6 39.7 39,6

MEAH WELDCITY(CHM-SECH: 65,6 REYHOLDES MHO: ZB98, 8
DTWRLLCCH: 14.5 DTCCH: F.@ HUSSELT NO: 2.8

AR R R S R R R R L L L RN R A A S A A e S A A R NSRRI

TEST HO 55 HASHL E HH ATION
GASSHELIUN DEPTH CFSkoe 5] FLOW <“LFMY: 12

2

BATH TEMFEFATURE.C:: S2.5 SSURE DROFCCM H200: éL.E
TWALL1 THALLE THARLLZ THARLL4 TNHLLE MERH

44,3 23,3 52,7 52,9 a4, 4 2104
THAZAL 1 THRSALZ MERAH

42,1 43,8 4z2.48
TTF H|JHEH1 TTE@:}{IEHE M.r::'ﬁrl.
MEAM YELOCITYCCHMA-SECY: LEE,T EEVHOLDS MO 57316,2
ODTHRLLCC Y 13,6 DTEC»: S.%2 HUSSELT HOs 17,9

AR R L L e e L e TR T

TEST HO 56 HASAL EXHALATION
GRS IHEL TUM DEPTH CFSHx: 1608, 0 FLOMW oLFM>: 32.%5
SATH TEMPERATURECC»: 52,3 FRESSURE DROFP:CM H2Ox: 9.6
TWALL1 THALLEZ TWALLZ THALL 4 THALLS MERH

) 52.6 b 1.8 53,3 49,
TtH:HLl THRSHL Z MEAH

38,9 ;.7 7.8

TTRACHER] TTRACHEAZ MEAH

2.6 2.2 326
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R L B A I o S A (R T S S AP U RS SO N e A SR o SR

T HO S HASAL THHALAT 10K i
tHITROGEN DEFTH (F5ML: 1008, FLOW P2t 9.0 .
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B
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TTRACHER] TTEACHE MERH
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BTHhL LoDy 12,3 DYooy B2 HEEsELY MO id0 0

R I T O B B A e A e R R R R e R R A S

1S HRSAL THHHLHT T

S HTTROGE DEFTH CFSk o 1806, 0 FlLube it oy,
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THRLD TUALLE THRLLT Piliee b IRSTT NI BTN

36, 1, K RS R b |
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TEST MO &3 ORAL EXHALRT IO

GASIAIR DEFTH (F=la: @.8 FLOM cLPM>: 13032
BATH TEMFERATURECC»: S1.3 FRESSURE DREQFCCH H20:
THARLL1Y THALLZ THRLLZ THALLY THALLS MEFH

8.9 S1.1 56,2 54,1 51.5 SR, E

b

THHSAL 1L THRSALZ HERM
7.l 45. 9 6.0

TTRACHER1 TTRACHERZ MERH
45.1 45,5 45,1

MERM YELOCITW(CHM-SEC: 1745 REVHOLDE MO 1426.9
DTHALLCCY: 5.5 DToCHs 1.4 HUSSELT HO: 4.1

b R b o R ok st ok S S A N A S S e R A R e

TEST HD &4 DRRAL EXHALATION

GASIRIE nEFTH CEFSMM RB.a FLOW cLFl»: 20,4
EATH TEMFERRTURE(C»: S1.7 FRESZSURE DROFPGCH HEO2: 8,0
THALL1 THALLS THALLZ THALLS THALLS MERH

b 1.4 56,1 49,49 S, SE, 3

THRZAL1 THRSALZ MEAH
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TTEARCHERL TTRACHERS ME A
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EATH TEMFERATURE GOt 51,0 PRESCURE TIROF O HE0 2 6,

TWALLL  THALLE  THHLLE  fHeLL 4 THALLS  MERH
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THAZAL1 THHEHL & HEFIH
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C'

TTRACHER1 TTRACHEAZ HE RN
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TEZT HiZ Fr ORAL EXHALATION
GAZIHIR DEFTH «F&SKWy: B.B FLOW CLPHM3: 37.1
BATH TEMFERATLURE(Cr: S51.2 FRESSURE DROFCCHM H200: 4.1
THARLL1 THARLLZ THALLZ THALLS TWARLLS MERAH
15 51.2 S, 3 S8.08 49,9 Sa.1
THAZHLL THREALZ MEAH
44,5 43,7 44,2
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ST WOz IR L EoHALE T LY
GARZIHEL TP NEFTH of ol or a0 FLOMW e Gole
EATH TEMFERATURE Dy 5w, 7 FREESSUFE DREOE: M HZOs: u, |
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TEST HO 75 ORAL EXHALATION
GASIHELIUNM DERFTH cFZka: .0 FLOW cLFpma: 211.7
EATH TEMFERAMTURE«C:: S@.# FEEZSURE DROFOUM H200: B4
THALL1 THALLZ THALL = THAL L3 THALLS MEAH

47. 6 49,9 45,3 455 43,2 45,4

T
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JRSAL THASAL 2 MEFAM
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TEST HOD 76 ORAL ExHALATION
GAS:HEL TUN DEFTH <FSk»: .6 FLOW SLPtMy: 16n.3
BATH TEMFERRTURE(C:: S@,& PREZSURE DROFCH HE0: 8§, 2
THWARLL1 TWALLZE THRLLZ THALLS TWALLS MERH
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THAZAL L THARZALZ MERH
4.5 41.4 41.8
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DTHRLLYC»: 7.3 IToC»: B3 MUSSELT HO: &, &
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GHZHEL TN DEFTH cFSk»: A.0 FLOW CLFM.: 41,8
BATH TEMPERATUREIC:: S@A,& FEESSURE DROFPCOM H20: Wy
TWARLLL THALLE THWARLLZ TWALL4 THARLLS MEAH
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FEST HO e (EAL
GHEHITREOLEH NEFTH CFZH 0 JJ.
BATH TEMPERATURE (G .2 54,5 FE
THALL1 THRLLZ THWARLLE THALL 4 Tl
Sd.8 S, 53,7 S3.

ALATIOH
FLOMW oLPM2»: 5,2
EEHFE DEOPCCM H2O: A, 5
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m
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THRSAL 1 THRSALE HMERH
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THHLILA THALL S
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k: TE=T HO 187 ORAL ErHALa T TON 1

LH=: HITROGEH DEFTH oFS o 2 FLOW “LFM»>: 18,0

EATH TEMPERATURE.C): S4.48 FREZSUREE DREOFPLCH HZOXD 8.9
TWALL 1 THALLZ THALLZ THALL4Y THWALLS MEAH

I e 53.6 5301 S5, 0 S4.8

THREALE MERAH
47, 1 4, 7 1

TTRERCHERAL TTREACHER: MEAH
48,7 4305 4.7

MERM VELOCITYOCM-SECY 120,00 EEYHOLDE HO: 429,03
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3 THAZAL L THRSALZ MERAH
g 44,73 45,3 44,8
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TE=T HOI 113 GRHAL EAHALATIOH

GHEZTHELTIUM DEFTH cFoM 289,08 FLOW “LFM>: 24,5
ERTH TEMPERATURECC s S4.: FRESSURE DROFCCM HzoOsx: &0
THALL1 THALLEZ TNHLL IHHLL4 THALLS MEAH

g3 = e o] 5.1 53,8

P R I pon D 1 LG . ,I‘_:, , ot o

THRZALL THARZALZ MEAN
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TE=ZT WO 1149 UiERL EWHAL AT 10N

GHZIHELIUM DEFTH kol Twia, @ FLOW LR 94,4
ERTH TEMFERATURE(Cx: 54,8 FRESSURE TROF M H2000 @,
THALL1 THALLE THALL® TURL - THALLS MEHH
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£

TEST HO 12 EHL e HALHATIOH

GRS :HITR - DEFTH CE=ifrs i 1 FLOM LFPMy: 200
EATH TEMFERATURE.CY: 54,7 RESSURE DREOF< UM H20:s a,.6n
TWALL L THALLE THALL 2 T THALLS MEHH

53, 4 s, 0 %, ] Bt 3 =4, 7 57,4
THARZAL1 IHASHL > MEFH

37,5 45,8 7.0

I TERACHEATL TTERIHE YEFAH

44,7 4,7 4.7

MEAH WELOCTT YOO SEC s 26l FESHOLTIS HIve et 3
ODTHRLLYC»: 2.7 DToCye 5, HUSSEL Y HOr e 8

R R T R A R T I o X S SRS U S U S I S O A S S e S AR SV I S B R GRS A O S G U S

OFAL

GHDE DEFTH v Mo
EATH TEMFERATURE (O 54,2 '
THALLL THALL S THALL S THALL4 TWAL L
5.0 kI bl S, 4,4

SAHALAT IOH
HAE, FLO LEMY . 2R3

SURE DREOE. O H2Z0 B
bl M%ﬁh

FHASAL 1 THASHL 2 MERAH
Ja. 7 41,4 41.1
FIEACHER] TIRACHEN: MEFH
N 2%.8 sl

O

MERH YELOCY Toci - SEC v 274,00 FEYHULDG HOP £E3%1,
NTHRLLO v 15,7 Pl s o HURRSELT Hid: 12,9

R I R o B B A o O I IR I I S I O B S S S S S U RO S Ay TR O G S AU S U RS G
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Ll LT TR WEE TH b i
EVITH O TEMPLERTURE L0 B, e

THWALLL [EALL S 'flﬁtﬁL.L_fl L T LY

[~ =4

RN S, 5 N

THAERL THAZAL S
.7 40,8

CiErUHER ] TTRACHE RS
DAL 46,9

LS TR A BN P AV W (RS X T B B

Branl sy jg.0n LT

FlHAL A DO

L, i FLub PR 11

FRESSURE DROF D Heties 0B,
TRALL S [ E_ H H

S, 0x D

MEAH
42,3

MERH

REYHOLDS MO G0842, 5

HILESELT Mo 126.6

B L e T o S T S e B e A R L kR R b R R I I o o S S Sy S S o o

[l HO 2o LR AL,
s H TREGEH DEFTH <F Sz
EATH TEMPIRATIHEL (00 54,1
TRALL L T L2
I:ZZ; : R 1 l‘.:i' E R

M D

THAZRL
44,2

[ TEACHER
dR, 7

FIEH VEL QU T sb s s 05,00

HTHALLCC s e, 2 [ifeiias o0

o Tidei Lo

EHRLATIOH

(STSTAIS FLOM CLFMx: 703

PRESSURE DROF M HE0: @, 1
THHLLS  MERAH

[= = [
. o DI

[+ HH
43R

FETVHOLDE MO 2AE7E,
HUSSELT MO e, 0

R e T o R I e ST S N PR I A o S A S S S U A S S A S S S Y SN U A S e

=3 N ¢ L AL
LHEEHEL T NERTH bt
BATH TEMFERATIFES G S53,07F

THHLL THAL LS (TR TR I

SR ] LR Yoo

HH AL PHE L
SR G0,

LTRRHE R VTRE Y
i, 41,4

MEAH YEL L LT e b or 249,

DTHHLL o0 = 1y, x hiviove 24

RIS FLOM CLRFR: 125,01

FRESSURE DROFCOH HZ00: 8, 3
TUHLLS  MEFH
HERH

44,3

MEAN
43,9

FEVHOLDS Hos Jnla

HUSSEL Y Hes i,

U AR R L I I R I B I S O I TR S S B S A S R S N S S N A S A S A (N BN I B B R A B RSP N




- i,

TEST NO 125 ORAL
GASsHELIUM® DEPTH CFSKy: A,
BATH TEMPERATURE«C:»: 53.7

THALL1 THALLZ THALLZ TWALL 4

Sa.8 53.0 53.2 52.8
TNASAL L TNASALZ

47.9 46.4
TTRACHERA1 TTRACHERZ
43.86 47.9

MERAH VELOCITW(CHM~-SECY: 737.4
DTWALLCCY: &.9 DTCCas 2.6

269

EXHALATION

5 FLOW cLPM2: 68,8
PRESZURE DROPCCM HZO : .1

TWALLS MERH

52.3 52.5
MERN
48,z
MERN
45.€

REYHOLDS HO: 216.2
HUSSELT Nid: 2.4

T S R L L R T A At TR L T e e AR

TEST HO 128 ORAL
GRS:HELIUM DEPTH CFSpre 8.
EATH TEMFERATURE:LC 53.7

TWARLLL TWARLLE TMHLLi THALLS

53.8 53.1 53,1 S5z.1
THARZAL.1 THRSALZ

42.5 43. 8
TTRACHER1 TTREACHERZ
45.5 49,3

MEAM YELOCITYOCMASEC): 952.5
DTHALLCY: 5,9 DrYecyy 2.3

E<HALATION
& FLOW CLFM>: 42,1

PRESSURE DROFICH H20: 8.8
TWALLS ~ MEAN
52,1 52,4

MEAN

48.8

MEAN

46,5

FEYHOLDS t0: SF2.7
MUSSELT HOt 2.4

e S T L L A e R it L L R R R L Lt

TEST WO 127 LRAL
GRS:IHELTIUM DEFTH oFSWys @,
BATH TEMPERATUREC»: S2.7
THALL1 THRLLZ TuHLL‘ TWMALL 4
52.8 5301 ) S52.1
THAZAL 1 THRSALS.

4.2 47,2
TTRRCHER] TTRACHER.:

32,5 45.1

MEAM VELOCITY L CM SECH: 1144, 4
DTWALL s 4,9 ITeC:

HARLATION

FLOW CLFp»: 87,2
FFEESURE DROFCH H2O0X: @,
TWALLS HMERH
523 52,5

1"': m

MERAH
48,7

MEHH
43,8

FEYHOLDS HO: 113e.2
HIPSSELT HO: 4,7

R R R R R R R Rt o S S AR S RSy I A o A e XA R SRR
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TEST NO 128 ORAL EXHALATION
GRS:HELIUM DEPTH <FSk:: @,8 FLOW CLFPM::
v BATH TEMPERATURE:(C»: S53.°7 FRESSURE DROFCZM HzO»: &3
Ly TWALL1 TWALL2 THALL3Z TWALLY TWARLLS MERH
! 52.9 53.8 53.2 51.9 5.1 S2.¢

[

t -

[

THRASAL1 THRSALZ ME AN
43.8 44.6 43.8

by TTRACHERAL TTRACHERSZ MERM :
y 48,5 41,2 4@.5 .
o A :

e ! HEAH VYELODCITYCCM-SEC: EEYHOLDZ HO: Z2143,9

it DTHALLYC s 11.9 DTeCx: 2.3 HUSSELT MO B.&

¢

! AR AR R R e A e R R L R L L L LSRR R R R ki S b T ok i S
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-

[
Y

——

e ————— .~

i
|




e

1

UPPER RESPIRATORY TRACT

ORAL/INHALATION

Lk

271




o

272

TEST NGO 73 ORFAL IHHALATION
GASTHELIUM DEFTH vFSH s @.8 FLOM cLFM»: 460,58
BATH TEMFERATURE:(Z:: SA.5 FEEZZURE DREOFOCH H20: b,
TWALLL THARLLZ TWARLLZ THALL4 THALLS MEFH

43.7 44,9 43,5 4.7 4=, 6 45k

il

I

T

—

{

U

L1 THRZARLZ MEAH

1.9 Sl

[y

TTRRCHER] TTRHCHER: MEAH
43,4 4.7 43,4

MEAH WELOCITWOOMASECY s 035, 4 FESYHOL e Mg e
DTHMRLLCC»: 1&.7 DTGy 11,5 HUSSELT ms 4

R b P T A o A S0 S A R SR TP O o AR RV c S S A (RS S S S o SR g

[ £ DO LIRFL. THHALA T TOH
S HEL DU DEFTH CFois . FLOW cllpiee 3
ERTH TEMFERATURE(C.: S@.4 PRELGURE DRNEC LR H
TWALL 1 ThinlLz THALL 3 IR THALLS

42,1 B A 43, & 47, 4,5

HEAN
: 25,0
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THASALL

TTERCHEA] TTRADHE RS HE AN
48,3 4.5 P

o RECVHOL L W
OTHALLY S 19,4 FTode 12,0 MLESEL T v
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PR HUHE Thoeoge Wb
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DibHb Lo o . , . i

LR R O S N | . . vt Cs
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TEST HO 98 OFAL ITHHALATIOH
GRS:RIR DEPTH YF&SHr: 8.8 FLOW CLPM»: 368.7

BATH TEMFERATURE-C»: S@.4 FRESSURE DROPCCH H203x: 1.0
TWALL1 THARLLZ TWALLZ THALL4 THWRLLS MEAH

48. 7 56,1 49.4 4&.2 4%.6 49.1
TNH;HLI TNARSHLZ MEAN

2.3 35.5 33.9
TTRACHERA1 TTRACHERZ MERAH
40.1 42,9 48,1
MEAH VELDCITY(CM-SECH: 1859,1 REYHOLDE HO: 265%.9
DTWARLLCCH»: 15,2 DTeCxe: 8,2 HUSSELT HO: 33,3

A e L e R R e R L R L b T b T T P Or ey A S AR AU AT AT

TEST HO 2% ORAL IMHALATIOH
GASIAIR DEFTH <F=WI: 8.8 FLOW CLPM>: 113.4
BRATH TEMPERATURECCH: S@.4 PRESSURE DROFCCHM HZOM: 1.5
TWRLL 1 TWALLZ TWALLS THALL4 THAELLS MEAH

43,5 58,1 49,4 47.9 49,5 42,9

THRSAL 1 THARSHLZ MEAH

30,3 33.5 2.8

TTRACHERAL TTRRCHERZ HEHH

38.2 41.1 8.2

MEAM YELOCITYOCH-SEC:: 1986, FEYHOLDE HOs 12363%,9
DTWALLCCY: 17,8 ODTeCre 6.3 HUSSELT MO: 53,8

R R R e R R R L B R b R o T b S U e o AR S

TEST NO 92 LIFAL IHHALATION

GRZIAIR DEFTH CF3Me: @.9 FLOW «LPld: 97,3
BEATH TEMFERATURE: Lt S0.4 PREZZUFE DROPCCM H20x: 1.4
TWALL1 TWALLZ THRLLZ THUALLY THALLS MERHN

43. 7 5@, 3 42,5 45,3 43,7 49,2
THARZAL 1 THRSALS MEAN

31.7 35801 5.4

TTEHCHERL TTRACHERAL MEAH

29,5 45,2 -
MEAH “ELOCITY VLM SEC s 1276,.9 FEYVHOLDS MO 1ea38,9
DTHARLLYC»: 15, % DTrise: o9 HUSSELT HO: 47.7

IAAAS R AR AL S SRR R PR R P R PR R T R PR S A A A

276

N

i




|

277
TEST NO 93 ORAL IMHALATION
GASIAIR DEFTH <FZMa: 8.8 FLOW <LFM»: 132.6

BATH TEMPERATURE(C:»: 50.4 FRESSURE DROFTCM H20)>: 2.1
THARLL THWALLE TWALLZ THARLL S THALLS MEAN

45.7v 58.1 49.4 42.8 49.5 49.9
THASALL THASALZ MEAN

3a.7v 34.3 32.%

TTRACHER1 TTRACHERZ MEAN

38.¢6 43.6 38.6

MEAN YELOCITY(CM~SEL): 1748.2 REYHOLDS MO: 14226.1
DTWALLC(CH: 16.5 DTCCH: 6.1 HUSSELT HWOD: 59.3

O O O R S g A R L SR SRt A R TP LS TR T T

TEST MO 94 ORAL INHALATION
GAS:HITROGEN DEPTH cFSW»: 2090.0 FLOW CLFM>: 7.7

BATH TEMFERATURECC:: 56.6 PRESSURE DROP:CHM H20:: 8.8
TWALL1 THALLE TWALL?Z THALL 4 THALLS MEAN

5V. 52.4 S7.4 SE.1 S8.6 57.4
THARZAL 1 THRSALZ MEAN

33.8 41.3 48.2

TTRACHERL TTRACHERSZ MERM

48,2 51.8 45.2
MEAM YELOCITYOCM-SEC: 181.4 REWHOLDES NO: 57E0.5
DTWALLCC)s 17,2 DTeCye &1 HUESSELT MO 36.7

O R L R L L T L R R L L

TEST HO 95 OrRAL IMHALATIOHN

GRESHITROGEM DEFPTH (F5Mas 206,08 FLOW <LPMO: 28.7
BRTH TEMPERATURECC?: 36.%5 PRESSURE DROPCCM H2O:: B, 4
THWALLL THWALLZ THALLS THALLS THALLS MERN

57.8 Sa.3 S7.4 54.7 58.2 56,5
FTHARZAL L THRSALZ MERH

3.3 2.6 35.8

TTEAZHERL TTRACHERZ MEAH

4.7 46,5 42.7
MEHH YELOCTTYCCM-SEC»: 271,7 FEYHOLDS HO: 15378, &
DTHALLCC Y 21,3 DTeC»: w8 HUSSELT HO: PE, 9

D R N N L LR Rt T S S A R A A A S e 3
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: TEST MO 2 IRAL ITHHALATIOH
GASIHITROGEH DEFTH CRSKa e 280,08 FLOW LFMy: 22,2
EATH TEMFERATURELCY: SE. FRESSURE DROF.CM HzOX: 1.9
TWALL1 TWALLZ TNHLL' THALL4 THALLS MERH
Se.7 Sg.2 57.1 535 507 S, ]

]
S e A mee st e s ————

THRZALL THRSZALEZ MEAN
3 -

» 3.2 23, 2.6 :
: TTRACHERAL TTRACHERZE MERN ¥
48.5 43,3 48.5
¢ MEAH YELOCITYCCM-SEC: 42206 FEYHOLDS Hd: &:922.3
1i;l PTHRLLCCY: 236 OTeCs: 2,6 HUSSELT MOz =2, 5
;1; R E D b o T S A o A e R o e R I R E L R s
g~

TEZT HO 97 OFAL I
LAZ:HITREOGEN DEFTH cFobes 200, FLOW ¢LPM>: 4101
- BRTH TEMPERATUFELC:: 55,8 FE: "’RHFF DEGP LK H202: 1.4
- THALLL TWALLZ THHLL' THALLA THALLS MEAH

L SEL1 57.3 SE.S 5I.0 O A E

HHALATIOH

THHZALL THRZALZ MEFHH
3.2 o - - -

at vt Py .

TTERCHERAL TTRACHER MEFAH
\ e 31.8 R

MEAM WELOCITY M SEC s 539, 4 EEYHOLDS Ho: 285344
DTHALL S 23,5 Oroc e 7ox HUSSELT HMO: lae, &

L R ik ek kb o T o A S A O B N o e A A A A e s ot A o

TE-T MO 23 LREHL THHAL AT IOH

LHSIHITROGEN DEFPTH 1 5plrs 200,60 FLOW fLFM»: 42,4
BATH TEMPERATURFE CO: 55.5% FRESSUREE DROFCCR Ra2nor: 2.4
THALL1 THALLZ TWALLZ TRALLA ThWALLE MEAH

59,5 57.5 Ge.1 FIS | L S5

THAZHL 1 THA
: 3

AL Z MEAH
] ] = ;

A1.6

. e

TTFACHERAL TTRACHER: MERH
V.3 4@, 3 I

“{ MEAH YELOCTTV W CM-SED v B35, .2 FESHOLDE HO: 2087, 7

DTHRLLYC: 22,5 ODTeCre vl HUSSELT HO: 111.7 %

R R IR k2 I R T O (B S R IR A A A S S I S S S S A S A S SR A A A S A R R
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TEST MO 9%
GHEEHEL T

URAL
DEFTH o Fble

BRTH TEMFERATURE Cs: 55,1

THALL1 THALL:S

1 St o

[T e
ot 4 O

THAZAL L
40,6
TTRACHERT
47,4

THALL ™ THHLL 4
THARSALS
41. 5

1TFHIHEHL
LA

MEAN YELOUITYCOM-SEC): 43,5

DTHALL (T 14,2 DToCss &,

B R R R N S U R

5T MO 196
;T HEL TUM

.|r‘

TYRACHERL
1005

AL e YELODCTTY

AL s 2,

R T S A R R R R b o X i B S SN SN S SRy S aes

TEST HO 183
LA HEL T

EATH TEMFERA I
THALLT  THALL

ORAL

DEFTH <Rz 206,40 FLOW cLPMa: 41,2

Cas BS.H

ThALL THALL4

TTRACHERZ
44,3

CCHCSECY S48, 7
z DToCas 18,1

OFAL
DEFPTH Fsile:

CHTH TEMPERH LR T 54,7
THALLT  (MALL.  THALLE  THALL4

T AT

THHEHL L
SEN

T TRACHERL
4e.1

MHERM “ELOC [Ty

DTHHLL o o2 2, 2

[ = “u [ 1

[ Al a2 W e

THRSAL &

TTRERCHEHC
4@, 2

VLM SEC e 2RV
OTeCae 1105

RIS FLGW CLFMa:

b R o T o N A A A A R A P S SN S S AR A

bl A e W L -
i 2
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THHAL HT 10H o 4

FREZ:URE DROFICH HZ00: @6
TWALLS  MEAN
6. 4 55, 4

NEHNM
1.2

HEAH
49,4

REVHOLDE Mus 214,38

o e et S et 4 1t o ot nm +
P

HUSSELT MO 2.0

THHALATIOH

FRESSURE DROFPCCM HZO»: 49,4
THALLS MEARH
Lt G4, 7

MERAH
d2.5

FEYVHOLDE HO: 3930,2
HUSSELT MO 13,7

FHLATION
FLOW <LPMI: 13,6
E SURE DROFPCCM H20D0: 0,1
WALLS NEHh

MERKH
46,1

FEYHOLDE MOt 1289, 7

rx)

HUSSELT HO: 1t

L R N e S T T R S W G S G G U S GO
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TEST NO 182 ORAL INHALATICON

GAS:HELIUM DEFTH (FSW»: 280.08 FLOW CLPM2: 14.3
BRTH TEMPERATURE(C>: 54.4 PRESSURE DROF(LM H20:t B.9
TWALL1 TWALL2 THWRLL3 THRLL4 TWALLS MEAH

54.8 56.95 55.1 S53.5 S56.1 S54.9

TNASAL1 TNRSALZ MEAN

35.6 36.5 36.1

TTRACHER1 TTRACHERZ MEAN

47.7 49.8 47.7

MEAN VELOCITY(CM-SEC»: 187.7 REYNOLDS HO: 13c54.1
DTHALLC(CH>: 12,9 DTCCH: 11,7 HUSSELT NO: 9.4

R R A R h s B 2 S R R RS A R S P S SO R S SR N S (PSRRI

TEST NO 183 ORAL THHRLATION )
GRSTHEL TUM DEPTH cFSM»: Z0R.0 FLUW C(LPHMY: 7.8
BATH TEMPERATURE:C»: 54,3 FRESSURE DROFCCH H20:: .0
THALL1 THALLZ TWALLS TWARLLY TWHLLS HMERMH

54.5 S6.2 S54.9 533.5 55.6 4.7

THASAL1 THRSALZ MEAN

36.7 33.6 37.7

TTERCHERAL TTRACHERZ MERAN

49. 4 S51.3 49.4
MEAN VELOCITYICM-SEC:»: 182.4 REYNOLDE HMO: Vd4.1
DTHALLCCY: (7.8 DTCCHe 11,3 HUSSELT HO: 5.7

AR R L R it k1 b o0 S P o N U S S A S S U A SN A SR S S R

TEST HO 129 ORAL INHALATION

GARSINITROGEN DEFTH YFShir: 19G8,.9 FLOK rLFM2: 3,3
BATH TEMPERATURE:C:: S4.2 PRESSURE DROFPCCH HZOw: .4
TWHLL1 TWALLZ THRLLZ THALL4 THRLLS MERN

55.3 55.1 53,9 2.7 55.9 54,2

THARASAL 1L THRZALZ MERN

36.3 A4 7.4

TTRACHEAL TTRACHEA: MEAK

456.18 45.0 45,0

MEAH YELOCITY(CM. SEC»: 43,3 FEYHOLDE W 1ar22. 4
DTHRLLCC»: 1£.3 DTeCye &, v HUSSELTY HO: €2.7

AR SRS L R R R R R R T L T O S o  u G ay A o PO I RDY
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TEST WO 128 ORAL IMNHALATION

LAS:HITROGEN DEPTH (FSW): 108@.0 FLOW <LPM): 1@.4
ERTH TEMFERATURECC!: 53.9 PRESSURE DROP(CM H20): 8.9
TWALL1  TWALLZ  TWALL3  THALL4  TWALLS  MERN

53,8 54,9 53,7 S1.4 55.5 53.5
THASAL1 THRSALZ MERAN

0.6 22,7 31.7
TTRACHEFR 1 TTRACHERZ MERAH

42.1 44.2 42.1
MEAN YELOCITW (CMSECY: 126.5 REYNOLDS HO: 34812.4
DTMALL(CY: 21,9 DT(C): 18,5 MUSSELT HO: 183.5

N R Bk T S o A R g R R P LR A

TE=T HO 131 LEAL IHHALARTION
LGHS:HITROGEH DEFTH “FSl»: 1806.A4 FLOW <LFM»: 18.7
EATH TEMFERRTUREIC»: 53,8 FRESSURE DROFCCM H20»: 8.5
THALL1 THARLLZ THALLZ THALLY THALLS MEAN

54.8 54,8 53.2 43,5 54,58 52.5

THARSALL THRZALZ HMEAH

33,3 CIcE 1.4

TTRACHEAL TTRACHER? MEHH

an.E 39,5 7.2

MEAH YELOCTITY OO SECH 140,4 FEYHOLDS HO: 24993,5
DTHALL G 21,2 DToCos S.9 HUSSELT HO: 183,22
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TEST Wiz 122 ORAL IHHRLRTION
GREIHITROGEN DEFTH «Fa=blr 10068, FLOW *LFM»: 12,1
BATH TEMFERRTURE: C»: 52,1 FREZSLURE DEOP.UM H200: @,5
THHALL THALLZ THARLLZ THARLL4Y THALLS MERH

53,4 54,2 SZ.S 49,5 54,3 b |

THRZAL1 THARZRLLY MEAH

31.1 2.9 2.4

TTRACHERL TTRACHER. MEAH

7.4 39,5 T4
MEAM YELNICT T O SEC»: 158,85 FEWHMUOLLS MO 2957&.1
DTWALL O e 20,1 DTrisve Sa HUSSELT MO 119,9

R R e e AR R RN R R R R T R E T X T T T I Srur Ay I O agre
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TEST HO 12k (IR L. THHHLAT Lo

GHSCHITROGEN DEFTH cFSk s 1ain, 8 FLOW LM &,
EATH TEMFERATURELC»: S2.7 FRESSURE DROFCLIY H2Ox: B,
TWARLL1 THALLZ THHLL 2

ThHALL 4 THALL S MERH

S3.4 RIS 52,6 G 53,3 51.5

THAZALS ME RN
24,5 .

TTERCHEA1 TTRACHEA: MEAHN
se 9,0

2.z 42.5 SR E
MEAN YELDC [TV OCHASEC s 33,2 FEVHOLDS MO 22235.9
OTHAHLLCC: 12,5 DToCy: &.4 HUSSELT MO: &e. 2

R D I b b o o B S R L L Rt T LR R T X T RO e R

ST HO 134 GREAL ITHHALATIOK
GHETHITROGET DEFTH C(F3We: 1866H,8 FLOW «LPMy: &
EATH TEMFERRATURE<CH: S2.4 FRESSURE DROFCCHM H20x:
THALLY THALLE THALLS THALL S THWALLS MEAN

b 53,4 1.9 42,7 53.9 1.5

SHLZ MEAN
32.9 1.9

I'TRACHEAL TTRERCHERZ HEAN
g c

44,3 a7.5 R
MEAH YELOCTTv OM-SEC»: 328,70 FEYHOLDS MHO: Sod414.6

DTHRLLCCs: 29,8 DTiCae .4 HMUSSELT HO: 158,32

R R R R e T B S SR T Y e A R B R R R AL AU

ST MO LE AL ITHHAELATTON

GRS HEL THN BEFTH «Faldi: 10Ge, o FLOW LPMYT 205
BRATH TEMFELREUTURE (L 8 5000 FRESSURE DROF¢CM HzOx: 4.1
THRLL1 THHLL THALYL 2 ThALL4 THARLLS MERH

bosAbi ;

K] Gl S1.4 ] 93.3 91,7

THR%AL L THE LS MERN

36,0 A, 3F. 2

TTEHUHEAT TTRACHER MEAN
44,1 4.1 44.1

MEHH YELIDCTTV o it sBEC v 47, @ FEYNOLDS HO: 1995.3
PIWHLL YO o2 14,5 OTeCe 6.9 HUSSELT Noe: 7.8

LR R R R T T T Yy
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TR HOD g OFEAL IMHHAL HT TN
LR HEL TR DEFTH tF=Wod 188a, 40 FLOM 00 L
EATH TEMFEFATURECC:: S1.8 F i LIRE LDEGF M H20 0 @
THALLL THRLLZ THALL S THARLL 4 THALLS MERH

() | T [ i q

51.5 Sz, 51,2 45,7 B33 Sl

THRZAL1 THASALS HERH
32.0 33,4 ae.7

TTRACHERA] TTRACHERD
3.8 1.7

MEAM WELOCTITY OM SEC: a7, o FEVHUOLLE HIdE b, 4
DTHARLLC Y 18,3 DTode: v HUSELT MO Jd, @

R R R R R o o R R O O [ R N S R N e AR LSRR T

TEST HO 137 DREAL THHALATIOH
GRZSHELIUM DEFTH oFwbi: 1800,9 FLOM «LFPM2: &1
BATH TEMFERATURE(CH: S1.% FRESSURE DROFCM HZO 0 @i
THWALL 1L THALL 2 THALLZ THHLL THALLS MEfit

51.5 S2.6 S1.2 30,3 5h.8 51,
THARSALL THAZRLZ MERH
32,73 4.9 4.1

TTRACHERA1 TTRACHER: MERAH
43,

43.1 44, 1

MEHM YELOCTIYOCH-SEC: 86,1 FESHOL DD Hud D558, n
ODTHMRLLEC v 12,2 DYCCas v n HUZEELT HNe 1406

A E IR R R R R R R L R I L L I o A O A R Ay R
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